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.- METEOROID PROTECTION FOR SPACECRAFT STRUCT['IIES
m

_: by J. [". Lundeberg, P. tl. Stern, and II. J. Bristow
, ?,

The Boeing Company
_t/*

i,

z:, SUMMARY

_ The elements of meteoroid protection of spacecraft structures have been analyti-
_i'i callv and experimentally studied. The hyperw,qocitv impact tests included speei-

• _:! mens of 14 metals and 8 low-density filler materials arranged in simpIe and
:" composite-barrier configurations. Proieetile size ranged from 1 32 to 1 4 inca

in diameter and impact velocities varied from 5000 to 27,000 fps. ...................
, : . - ..............

' A design procedure has been developed for selecting the th!c),:ness of any element

_:'iI and the spacing between shielding elements for any barrier to 3"ield minimtm_i shielding weight. This method allows assessment of the protcctioa afforded by
the vehicle structure and integration of existing structural components into the
barrier. Thus, the selection of a shield compatible with other design constr'.tints

'i,. is ensured. The solution o[ the empi,'ically based penetral:.ion eqa_at-ionis, cxte.nd_d
i
,, into the meteoroid velocity range, and reasonable limits are established for the

uncertainties introclueed by velocit'- extrapolation The solution _o the mtalvtieal
,!

e_ expression is presented as a nomogram, which can be u_ed to design a barrier
• _,7 or to determine the particle tkat can be defeated by a g'_,'en struetL_re.

!1

• { *-)-- "} -1The impact-fracture cha ;-aete ristics of "._014-T6 and __ 1.)-T6_ alum inun] tanks
....'I at cryogenic temperatures were investigated. The critical prcimpae, stress

necessary to resist catastrophic fracture was d¢.,+erll_ined as a [unctioll ()[ the

iii!, diameter of the impact damage patter1,.

i! :Phe-restttts-ot:_mpaet-fraeture tests on uniaxially stressed speciz'._ens wtzrc used
to predict the t:'act_re characteristics of biaxiallv stressed spherical zpecimens.

o

Several diagnostic stvdies were performed to determine experimentalh the he:,[

and pressure pulse environmt:nt oi a shielded structure under conditions of hyper-
velocity impact. Instrumentation was developed to measure the velocity of impact

debris f_:0gmcnts within a layerof low-density fiberglass wool insulations. The,
results of the pressure and t.:mpernture measuren_ents of thee debri_ cloud, al-
though too limited to bc of design value, have c_;lablish,_,d the low,:r limit-_ at

• which such instrtm_entatioa must ]"'l::_.JOll,

. ' I l ....

t ....
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INTRODUCTION

Original data on meteoroids were obtained from astronomical observation of
meteors within Earth's atmosphere. Knowledge of the meteoroid environment

has improved, especially since the astronomical data were supplemented by
satellite-borne meteoroid sensing experiments. Despite this, the best current
estimates differ by several orders of maN_itude, and the information on the mass

range of most interest to the designer is also the most meager. This mass
range, 10 .2 to 10 -5 gram, fails between the lower limit of the ground-based
astronomical data and the uppt.r I.i'.illts of satellite experiments. Hopefully,i

future satellite experiments providing larger-area and longer-life sensors will
' provide the urgently needed additional data.

Many equations describing hypervelocity cratering of semi-infinite targets 1-ave
, been suggested. These equations are derived from theoretical consideratior.s

or from empirical correlations. To obtain a mathematically tractable formula-
tion, the theoretician must reduce the complexities of penet_-ation to a single

effective physical process, suel. as a hydrodynamic analog3' (References I through
4). The experimentalist, because of limited laborato13" simulation capability

(_30,000 fps for well-defined projectiles), must extrapolate test data to mete-
oroid velocities (35,000 to 235,000 fps). Under gbcse conditions, it is remark-
able that agreement between theoretically an&:_ __ri:met_tall_:b_s_-pred:tctions
ha_ been as good as it is. -'. . .

It is often assumed that cratering predictions for se_li--i_i:nite targets can be - _
related to the penetration of single-sheet structures:::{Iieferenee 5_; &khough-
single-sheet pressure compartments are adequate [or present generations ._

, small unmanned spacecraft, even modest extensions of vehicle mission capability
lead rapidly to prohibitively heax3 _ shielding reinforcements. To overcome this

problem, several schemes have been suggested. The simplest concept is a
meteoroid bumper, first proposed by Whipple (Reference 6); it has since been
studied in various forms by a numl:er of investigators (References 7 and 8).
Other concepts include multisl:eet barriers, low-density insulation barriers,

composite combinations of muitibumpers and insulation barriers, and mechanical t
• atmospheres of suspended dust clouds (R__ferenee 9). Because most extended

mission vehicles will be insulated agair_t heat, the multisheet and insulation

shielding arrangement hns appeared particularly attractive Sere ral pro,yram_
have been performed to evaluate the effictency _I; multisheet configurations, both
with and without insulative layers (Referencea 10 and 11). The informatioi_

, gathcred from these programs has been encouraging but inconclusive because
too few tests were performed and not enough experimental parameters wer,: in-

,_estigated. In addition, it ires been fOUledthat, tinder certain Cil'Ct|lllst,.qnce,_,
'; impact penetration into such specimens can induce explosive reactior:s that

_i mag-nify the damag¢ _o nearbv structures (l:t .... !2)ef_ _rerloo .

... ._
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_-i_ Because o_' in'aduquate knc_wIcd_c of the dist ribution and.• nat_re- _f m_tuarohls and
their impact damage potential, the p,_s.sihility of tim penetration o[ a practical

.4.; struettli't_, cannot l)t_' overlooked. The co!lSC_l,102net_s of Stleh a t_enct rat ion depend
'L{ )

a:_-i; on the type ot stt'uetura[ art'angement and on ti'e type of compartment or pressure-
• t .7

._- vessel penetrated. It has been recognized (Reference 13) that hyperveloeity

7_.;;{- penetration of an intact projectile inl.o liquid-filled tanks could :ruse eatastropkie
:<_ failure, tto,_,_vel, " .... _'_,,,_, tmtential to pressure vessels pr:. '4red by debris

fra_no.nts from a perforated shield has not been well defined, t_, -ent studies
• t1

_ (Reference 14) have shown that a static fracture mechanics eritert,_,n is inadeq_tate
i for designing pressure vessels to resist hypemreloeity impact damage. These

} studies have indicated that the pertinent operational and environmental factors
of stress, _emoeramre, and impact must be applied simultaneously when investi-i
gating candidate materials for cryogenic pressure vessels.!

i

., i Tasks that must be perforrned to provide information useful to spacecraft designers
_i are listed below.

...n ......................

1) The development of a oenetration equation suitable for predicting hyper-
velocity impact damage to the thin-sheet configurations representative of
actual space-vehicle structure.

2) A variety of materials with a broad spectrum of physical properties must be
tested to ensure that all impme, ant variables are accounted for by the equation.

" 3) A procedure must be devised tha_ permits designers to select and evaluate
/' alternate meteoroid-shielding arrangements. In such a metlmd, calculations
i must be held to a minimum and the salient geometric design parameters_

=--_! must be prominently displayed. This would then allow rapid consideration
, of many design options, facilitating the trade-off studies required to deter-

•_i, mine the effects of vehicle design const:-ai_ts.
I

4) The penetration characteristics of low-density fillers must be investigated
experimentally to check mr ,,.ndesirable effects a_.d to evaluate weight-saving

! advantages.

!_ 5) Representative composite vehicle structural arrangements mtLst be subjected• ] "

:_! to hypelwelocitv impact to check the validit:¢ of the predictions and to ascertain

. :. sh ieldir, g c apability.
I'.L_

_. 6) Cryogenic fuel-tank materials must be •tested under representative environ-
(. mental conditions and their impact-fracture characteristics evaluated.

,.: A prugram for accomplishing these tasks has bp-p developed an,.{ the task_"
e o mple ted.

i L

L

a

7., !
• . . ..

7-'-_

"i
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EXPERIMENTAl, PROGRAM

TEST PLAN

A meto)roM I)arvicr is tile total array or materiais required to withstand a
Some of these elements might serve a dual function.critieal-desi_31 _eteoroid. ' •

The barrier might be placed on tile outer shell or' the vehicle as an organic part
of the load-bearing structure, it might be placed on the components to be pro-
tected, or it might be divided between the outer she11 and the components. The

best arrange ment witt,_eper_d,t.ar-ge.ty:_or_:the,,e_ze:obthe::meteoroid4-mirtg-eon_:: ......
sidered. Small meteoroids will be most effectively defeated at the outer shell
usipg primarily existing structure, whereas large meteoroids will require that
protection be placed, at least in part, contiguous to the vital inner components.

: ! ' ::7&" . :.: :

, A comprehens ire experimental prog:_am to study the penet ration charaete risties i: .:::."::i_-ii'::_:::
of a wide variety of shield and low-density-filler materials has been undertaken.

The choice of materials was governed both by practical design considerations
and by the need to examine the effects of a broad range of physical variables such
as density., melting temperature, and sonic velocity. The metallic materials
tested were:

1) M agnes ium-1 ithium; . ---

2) Magnes turn:

3) Alumiimm;

. 4) 6A1-4V titanium ;

5) Zine :
Q

6) 301 and 321 stainless steel

7) 1095 steel;

_) Beryllium-copper;

9) Copper;

. 1O) T Z _,I molybde num ;

11) N!obium:

• 12) Le0d:

" !:_) Tant_ium:
t

" 14)- T_m_Zsten.

In addktir_n,. :tlmii_:_-_i_io_ _i;_e of :t__ef_|!0w_n_ t3T)_ Of _+?=_h_t__f_+t:_ _

-: 1) P,_ly u ret hanc'

).
2
,I
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2) Polysty rene ;

2) Q-felt:

_.+; 4) De_tglas :

_ 5) Glas s wool ; -

6) Cork

The materials were evaluated b v subjecting selected conf+.gurations to hyperveiocity

impact by metallic projectiles fire,' from light-gas guns. The te_t velocities
vcried from 5000 to 27,000 fps.

To provide a common ba.,,zs for comparison, a variety of gages between 0. 002
and 0.060 inch for each material was tested against a standard array of thin
,_mminum witness sheets. The three critical quantities dee-eribing damage are:

spray angle, depth of particle penet,'ation (i.e., number of witness sheets laene- :........_:_:__,

trated), and witness-sheet hole-out .... The information obtained from these sep;_-
rate test_ was combined tc assess the damage resistance of the composite struc-

tural arrangements used on space vehicles.

A considerable additional weight saving for cryogenic spacecraft modules can be
obtained by incorporating the propelDnt tank wall and insulation with the inner

--. portion of the barrier. This has required _,westigation of the effect of fragment
: impact on stressed structural specimens at cryogenic temperatures. Tests have

been performed of both uniaxially and hiaxially stressed c_Togenic specimens to
:: determine the impact condkions necessary to induce catastrophic fracture.

lEST PROCEDURES

_ Experimental testing for this program has been performed in the Boeiv .._l_yper-
:.:: veloc+.ty laboratories. The launchers that have been used ran," from the 1/4-

inch-bore light-gas gun down to the 1/3z -inch-bore light-g's g_n designed speci-

_.- fically for impact investigations of q_m-skinned structure. _ i+ range of bore

i_ sizes provides for c_,nvenient launching of different-sized ;.,articles needed in

:j ,,:v_. _ping impact scali,_g laws.

:i Tb,=. 1/4-inch-bore launcher, shown iv Figure 1, has b_en useu for the experi-
:_ ;..,ents requiring !/"8- and 1/4-inch-diameter projectiles. Maximum velocities
i attained for these part.icle,_ have been 6,000 and 23,000 fps, ,espectively. 2',

1Inst_ ,nnentation for *.his gun includes six independent velocity stations that trigger .
i five lO-n-egacycle solid-state co_n, ers Spark shadowgraphs and cameras at ._

I each station verify the electronic veloc _y measurement and the integrity of the
: projectile. Abtronic image converter camt_ras for high-speed photography and
, three flash X-ray ,h_t!s are available for studies of impa"t phenomena.

FiI_Jre :2 shows the 1/16-inch-bore light-gas gun. Velocities up to 27,000 lps J

xw_,ce ,)blaih_:d using this launcher. The 1/32-i.nch-bore light-gas m,n has been t

' "+ t

{i ]
1
a

..... : . -- ..
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_il] " tlse(l Lo v}uncil O. 0()[-_2_Falll pF(]jt2etiLe_ fit vc_[ocit[t,_ tq)L(J "_(),_H)()[ps. _'v_l'3i

"¢eLOCLt_ :',leasuvil:b_ systemics at'(_, use(I _ ith these guns. Ph,_t,,multil)Lier tut)cs,

loniz-tti_li g[ige8, ;llltl [jtt_Z _[ecll'ie cvvstals are uso_l t_)detect the paSS,l_2,_2 _a|'

the particle, an(l t,) tt'igger a l(_-megaeyeie e,_unter. ()scil.Losc()pe r_m(>rclings
of the pulses are used for vevifmation. L.'ouv flash X-r'_, units a,'e available

for velocity-measut'ement and impact stl.ldic:s. Specimen _ tested with the 1/'4-
inch-here launcher were ,_ inches square: those ,'_sed with me small launchers

were rectangles 2 inches Wl,lC by 3 inches long. Suitable holders were co_:-
strutted to allow a variety of barrier eoattgurations to be tested.

resting of _mia.,dally loaded structure was accomplished in the 1/4oinet.-bore

facility. The specimens, as shox_] in Figure 3, were S inches wide by 23 inches

long. Calibration tes' _ showed that the loading frame introduced no bending
stresses in any direction and that a uniform stress field e.'dsted on a section ..................

' transverse to the axis of the specimen. Loads were apt_lied by means of two
hydraulic cylinders ",onneeted in parallel and supplied from a common source.

When the desired stress level was reached, the load was locked into the loading
frame through two nuts on the support columns and the hydraulic cylinders were
removed Continuous monitoring of stresses was obtained from three strain
gages connected tc a stt'ip-cna_%t_eeoedet_: ............

The temperature environment was provi,:led 1)y circulating either gaseous or
liquid nitrogen tllrough a cole! bo:_ (see Figure t) attached to the Loading frame.
A thin mem.brane on the front of t}:c cold box provided the only- contact with the
specimen, thus preventinga.,daL load transfer from the specimen, to the cold 1)ox.

The preLaure differential i:etween the inside of the coLd 1,,)x :_lndthe evacuated

, gas-gun range tank caused the membr_,ne t,.) ln_Lge and introduced s:_me lmnding
stresses in the specimen. Calil_r:ltt n tests have shmvn that this 1)ulRing e:tqse(1
additional aydal stresses in the middle surince of the plate, '.mr tl'qt they were

always less than 500 psi.

Temperatures were monitored ])v means of three eOl)lJer.-ct>Ilstantall thel'lllo-

emmles place(1 on the t_ ont and back ()1 the soec'tmc'n and in the vicinity _)t the

teml)erature-eomlmns-_te(l st, :tin gages. .\ view,)t the rear ()f the l()a(ling frame
Pier t-._2 -an,.I cold box in the rat,_.e tank i:. sho%_qlit1 _ ,r.,k,

MULTIPLI:;-THIN-StlE ET SPECIMt,;NS

" The muLtipLe-thin-sheet st:eetm._.ns ,'onstste_t ,,f t lirst shc_.,t (l_ore:,lter e:tlle, 1 the
shieL, l ,._)rtarat o f)laLe), l,)ll_wc(I I)x sheets _l t'()Ixst;_nt thiclmce;s, _,:vlte, I withes>

sheets (l.'igure _;). The st):tees l,et,._.een _itness streets w(,rc .la;_t. Tia-. aitness-
sheet _{2t)lll__'tt'\ 1_11_1 P, lg'tCl'i31 V,el't2 ;tl ,,itv'_lrit\ ch_>e!l t,)[.'l_it vll,llt[t)[{_'-_ltt_'_'l.

!- l)ellel.l';tt[Oll._: >tLl_Seqtletlt te:stin_ s;,o',w:_t tb:_t it ,,v,,s _,,:-sil,l,, t_ :ll_'cl,l.l!l[ I_)l' *. :1i!-

:_ti¢,n:q i_ the witncss-:-h,eet ;_rr:_,_v,_,ment'._. This ,lem,m_tr.'.tte:t that tim _lesi_gn

!; ()I'I)CO_{III'C>; [l_2'_'_'](qWl!vvei"t' rl,iI t,i:,_,l t,V 111_'1('.=I a,.lt_l).
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-:i Tile pro]eetiles used were spheres or cylil)ders with :l length equal to their

::_ _li:tmeter• The c3tincm.,::_ exhibi.ed damage ehar:_eteristies simil:n' to spheres

_.-_. or the same diamt.ter when the :ylinder impacted normal toils axis of symmetry.

- I: I 1 the e5 linde rim paete,I at s(_m,' othe .,"attit uileTdk{i/ii-ige-_Siilil-lie -eiimpared t_,

< sl)herieni..pro]eetile data by usin/ th _ smalle_::t-diameter first-sheet hole size

I and the mean fragment-speay diameters. The ,lepth of penetration did not depend

: on the attitude of the cylinder.
4.

DEFINITION OF DAMAGE
"l

( One of the more difficult aspeet:_ of comparing the test resuits of several independ-

'i ent investigations is the lack of agreement among authorities on how to describe
damage or even on what constitutes failure. For' the purpose of this program, ,

1 four types of damage to thin tmstressed metallic specimens are defined. Only it
i the damage that can be described geometrically is considered; changes in material
,i physical properties due to impact are not included. Figure 6 shows the important
; dimensions.

.!

: Shield or Target--For the thin saeets tested under this program, the damage
produced by an unfragmeLmd projectile consisted of a well-defined hole in the

target.
°1.

t

_, Spray Angles- Two fragment spray angles are defined. The first is the angle
.. subtended between the e_. e of the target hole and the primary hole in the first

_i witness sheet. Tbc second spray angle is defined for spherical projectiles as

_. the angle between the edge of the target-sheet hole and the outer perforationsin the first witness sheet: for cylindrical projectiles., the second angle is the angle

l between the edge of the target-sheet hole and the mean radius of perforations in

: l _;_i:_i,.;.-_=_>-:.......: the first witness sheet.Hole-Out--Hole-out is the area missing from tke first witness sheet. Any of
J the types of damage shown in Figure 7 are oossible depending_o_YeR_ff_:eh:tRi _;__: + i::,' :;:.=_

,_! " conditions.

- Pene_rat;on-- Penetrati(m is the number of witness sheets penetrated. This
7 ""

_..... includes an est_,::atc of partial penetration for the tast sheet•_.2

! "rShield Damage .................................................................................................................i.-:...-:-q_--:--G-r:i_-i!;-___-r_.:-c_g_:i-._s:._........................

- =:---; The well-defined hole that represents damage to thin shields can be predicted with
:_ accuracy. The ftmctional relation dese,-il)ing the damage diameter was obtained

alter exhaustive correlation studies of significant material and geometric proper-

:;-' ties ot both tim shield :rod 9rujeetile. This _luation, as strewn in Figure 8, is:
i . -

//

: ...... a (tt t/a (v/ t/a ' 0p) (t)...:_.::,:;a_:::_::_<_:. d/D = _t ,/D) C) (1 - (_ 0208 /
,: :::if_--i:._i-::i::=::-

-.i{i_£7: "

("" _:

V --
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Fragment 'iJpr::5 Angles

It has [()oR t)een rc,:og-nized th;.:c foe a given coml)ination ()f :shield an(1 projectile

there extst,_ a eritica! _elocity at which tim shock l)ro!mgated into the pr,.)jeetile

i on iml,act is suflieientiv strong to shattec the ))roiectile. If the target is thin :: :::_ ..

enough, the ave,'age velocity ofttm debris cloud (eonsisting of fragments from

1 . both the shiehl an, l projectile) is nearly the same as the particle impact velocity.

: As the projectile velocities increase, the heat energy liberated on impact increases

until fragments of the projectile and shield begin to melt or vaporize (or both).

I Both fragment size and dispersion are strongly dependent on impact velocity.

The magnitude of this effect may be _een in Figure 9, which shows a standardarray of 0.020-inch aluminum sheets struck by aluminum projectiles traveling
i

t at speeds of from 5000 to 26,000 fps. It has been postulated (Reference 15) that
at meteoroid veh.)cities all material invoh'ed in the impact will he vapori:'.ed, and

that no solid debris will impinge on structure behind the shield. Careful examin-

ation of the test specimens has indicated that this is unlikely. Examination of

the first-witness-sheet spray damage has shown that many of the fragments

around the outer damaged diameter impacted at low speed, even for the highest

. veioeity tests. 'rhe conclusion that some solid fragments will be present at any

._ velocity can also be obtained theoretically. This is based on the fact that the

I target hole diameter in a thin target is significantly larger than the projectile

I " diameter. The target material outside of the projectile diameter is removed I)v

i=I shearing action, which begins at the projee.tile edge and moves outward. Thei
', forces causing this shearing have a maximum value at the edge of the impact

: zone and dissipate as the hole grows. Even at the highest impact velocities; thetarget fragments near the outer edge of the hole will gain relatively little energy

and have low resulting velocity. Therefore, some fragments would gain insuf-

. fieient ¢:.nergy for melting or vaporization.

VChe,_ ct_e projectile and target h'a_ments strike the first witness sheet, damage

may .)ceur in any of the patterns shown in Figme 7. Two types of t'ragment sl)ray

angles have been defined (Ftgm'e 6). The first angle, _'1' was l)'eked 1)ecause it
gives an indication of the diameter of the deel)ly penetrating _p,'ay. The second

:_pray angle, T2, was picked to give an indication of the total potep.tial damage
- area on the second sheet. As shmvn in Figure 1.9, the spray angles can I)e appr,_x-

_.m-tted as:

: , 2 /4 /3
1 _.1 - 0,.2:_ ( 0 1 , f)p) /3 (t 1 ID) 1 (V./C) 2 (2)!

i Z2 1_. -_,. ,,/01)),2/,:_ I/; (V/C)2/2 ,,: i ,,, ( Pl (t 1 ,'l)) (,)

• !)
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The spray angle, _/2, reaches a maximum of approximately 11,/4 radians, after
which it remains constru]t. T ],2 above equations were derive, l us_,_._ aluminum

_- l)rojeetil.es at ] 5, O0t) t() 25, 00(I [ps lint)acting variou_ target materials _nd thick-
,tosses: the aluminum witncs'._ sheet._ all had a ,_imet-thicl<nes._;-to-pro.lectile -

: diameter ratio of 0.1.6. The spacing between the shield and first witness sheet

: i was 20 projectile (li::tmeters.
i.

J

i Normali.zed spray angles based on Equations 2 :rod 3 a::e plotted for a variety of
i shield materials in Figure 11. The least dense material, magnesium-lithium,

i produces the smallest spray angle: tungsten, the most dense materi-d, produces

! the largest. Figure 12 illustrates tile difference in spray-angle characteristics
:I produced by magnesium-lithium and tantalum shields. This phenomenon cannot
;_ be explained on the basis of shield mass per unit area, since increasing shield
==I c

'' thickness of low-density materials did not producc the results indicated in the

i_i photograph. However, the melting temperature of the target material has asignificant effect. The higE-mel2ng-point material,_ produced a spray of discrete

i: particles with little vaporization, as evidenced by the individual impacts on the
I second sheet. Low-melting-point materials, on the other hand, produced a more

?'tl volatilized debris that resulted in greater hole-out, but less penetration.
I .

1 As discussed previously, the choice of witness-sheet thickness and spacing
: !" was somewhat arbitrary. Since it was necessary to corre!ate the results for the

:_!_ arrays used in the 1/16- and 1/4-inch-gun facilities, and because it was desir-

e::. able to extend these findings to other configurations, a number of tests were
!

i_!! .:.:_:_::performed to examine the effects of witness-sheet spacing and thickness on spray
% angle for various materials. Aluminum and steel were chosen as representative

i"_ ot the low- and high-melting-point materials. The results of the test series, "
shown in Figures 13 and 14, confirm=tha_i!___i_:ith_i::_m_rt_:_rr_r_g e--_ " -Z_'_=::::::-_i5._i!'_:i _._=_=i;:: :.:_=-.- : .--:=.: ........... : '- .......................

7_: ments can be accounted for in a ra___::_!:::::i: :::i:;;i::::;:;i:-::i_:::i_:::;_........ = ................ °
-- ' __.=.-:Tq':._.: :-.:._:-_-k:_'_--.-._T_:i-.-'i :T- :: "L i.:" ;'_:" ":: :::: =:::': ::::: ': : =:' ::: .......... " : ......... : _ ' !::i £ _'; T:_"-"

,i_ Hole-Out z..=:_-::::i_:_:_-:i_-_!_:::--:-:_ii-__:!5_:-_:.::................. .:_=_e:.-_:..... ......._:: ..........
: ............................................................. ..::::::::.. ................ .:.......

_, When the projectile and shield fragments are very small, damage to the first

.i witness sheet is similar to that produced by a normal pressure pulse, If the skin
!_ is stressed by the impact above its dynamic ultimate strength, the damage is a
_ petalled hole, _s shown in Figure 15, If the transient stresses are less than the "
:,i ultimate, but above the dynamic yield strength, the damage is limited to perma-
i: nent local deformation, as indicated on the last witness sheet in Figure 15. The

normalized hole area for several shield materials is shown in Figure 16 as a
-71 function of relative shield th_c_:ness. The hole-out of petalled sheets was obtain-

i ed t)3' measuriug the area contained within the line on the petal surface 1 projec-
tile diameter lmlow the original sheet surface. The hole-out of pinholed sheets

was obtnined I)y measuring the hole diameters in a typic:d circular segn_ent. The
av ea_ of the individual holes.total hole-out was then cMculated by summing the • , s

For t 1/D less tha.t 0.2, the hole-out is greatest with shields havinga high melt-
mgpoint. When tI/D is greater than 0..,') tl_e larger hole-out is associated with
low-melting-l_t,int shields. The [_igh-m_:lting-point shiehls produce many small __,

L0

..' , , : ,

: .... II '
,._. : ...
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• pinholes, as shown by tile tantalum specimen of Figl_re 1'2. An c,J-,q)irieal plol
,_howing the physical quan!ilie,_ on which tills type o[ hole-o_¢ depc.llds i_ _-_hown
in Figure 17.

The' variation of hole-out with changes in witn,::ss_.,_h(_ct ,_pacinl_ and thickness
1 •is shown in Figures 18 and 19. Sever,_l trends can be _een from ti_3;se figures.

.......... One is that hole-out-versus-wilness-sheet-geomt:try relations are also depeil-
dent on shi.t:ld material. A second is that, for almninum shields, maximum
hole-out occurs at a shield spacing of about 15 projectile diameters. Finally,
for three of the four shields tested, the thickness of tim witness sheet made
tittle difference in the hole-out.

Penetration
I

Penetration of the multisheet specimens is defined as the number of witness

• slmets penetrated plus ti_e penetrated fraction of the sheet against which the
fragment stopped• Figure 20 shows the effect of shield thickness on penetration.

Melting temperature of the shield appears to be of major importance in deter-
mining penetration• Lead, with the lowest melting point, exhibits the least
penetration; tungsten, which has the highest melting point, shows the greatest

penetration. The combined effects of the important physical properties for all
metals tested are shown in Figure 21. The exponent appearing on the shield-
thickness term represents an approximation. The large number of data available
for aluminum shields made it possible to obtain a more accurate empirical rela-

tion to account for shmld thickness. Figure 22 shows this function.

Ti_e effect of witness-sheet thickness and spacing on penetration is gi-en in
Figures 23 through 25. Figure 23 shows that penetration drops off much more

• rapidly with witness-sheet thickness for steel shields than for alumimm_ shields.

Figure 24 gives penetration as a function of the spacing between the shield and
the first witness sheet. Increasing spacing reduces penetration for aluminum
shields. However, steel shields produce a maximum penetration near the middle
of the spacing range tested. Figure Z5 shows the effect of witness-sheet spacing

on penetration. The penetration of aluminum-shielded specimens changes little
with an increase i,L witness-sheet spacing; the penetration of steel-shielded speci-

• mens decreases rapidly. The relative weights of shield plus witness sheets
requfired to stop the projectile are plotted in Figure 26 as a function of shield
thickness. Aluminum, nmgnesium, and nmgnesium-lithium are significantlyI

::/] lighter than the other shield materials tested•f
COMPOSITE SPECIME NS . :: : . .

::" ':' ::'i::-'! :: ....

A s pace- veh ic le hull i__p6:_:_ dF-_t:r_Ctti_t:_h_cl:i:iis:_(T_t_g "::hiatetigriS:; i:is(f,_Hy : .............. : :=: :::

arranged with the im-,ulation between two or more thi_ metallic sheets. Other"
structural members arc I:lesent,_"_ ' but have been neglected for this study. T() test

J
_ practical configurations o[ this type, a nulllbcl" ol" composite barriers of thin

,:!: sheets, honeycomb, and low-density-instflation or filler materials were teated
i

1!

,, ,,,-- ..
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using 1/32- to 1/4-inch-diameter magnesium-lithitm_ and alulninum projectiles. ,

F_|ier Mate ria!s
I

t_! The filler materials investigated included polyurethane, polystyrene, Q-felt,
stabilized Q-felt, Dexiglas, Owens-Corning TW-F insulating wool, and Armstrong
low-density cork. All of tile fillcr materials except the cork were first tested in
an unsh ielded configuration appro_!ma_ h,g _ -geuii'infinitb-targc t-td--detei:rfiifi_ the

--::il relative effects of fragment penetration before testing more complicated arrange-
,:.t ments. These tests were performed using 1/32-inch magnesium-lithium projec-

....i) tiles _n the velocity range of 14,000 to 20,000 fps. In this unsbi, elded configura-
=_'t tion, th_ 'penetration damage for all materials appeared to be geometrically

t similar. Damage consisted of a long cylindrical hole. In addition, there was
t some heat discoloration for a distance of from 3 to 5 projectile diameters from
I

_:! the central hole.
!

" ].-. No weight advantage appears to be gained by increasing the density of the rigid
ij - cellular fillers. For example, if the three densities of polystyrene foam are

_i_ compared on a weight-per-unit-area basis (i. e. , depth of penetration times gross
i densityl, the quantity of material required to defeat a 0.49-milligram magnesium-
: lithium particle at approximately 16,000 fps is 0. 110 ± 0. 010 pound per square

foot for all densities, Similar tests using 1.02-milligram aluminum particles

° .;i at approximately 15,000 fps show that 0.200 _- 0.030 pound per square foot is
_; needed.
!

!:_ Multiple close-packed layers of foil and insalation materials such as Dexiglas
i_',, do not appear promising as barrier elements. It is estimated that 0.40 pound
i-i .'
1.,'_ per square foot will be required to defeat a 1.02 milligram aluminum particle
: ,_ .... at approximately 18, G00 fps. This is twice the weight of a polystyrene filler.

';'i None of the fillers gave any indication of the explosive reactions that were dis-
:'_": covered later when shielded configurations were tested, This is further evi-

i_ dence that filler evaluation must iuclude testing of con?igurations approximating
L.,it

'_ :_ the ac.tual proposed usage.

i.' Three types of fiberglass wool containing various amounts of resin binder were
:1

.._ tested. The tests were performed to determine if combustible ingredients in the
! filler enterinto a Chemical reaCti0ri with-tii6 fragment_. The material proper-

_: . ties are tabulated below.

Inorganic Fiber Fillers (With and Without Organic Binders)

Unrestrained Test Dens, ity

Material Binder Density (lb/ft3) . (!b/ft 3) ._

BMS 8-48 Johns-Manville Phenolic Resin 1.36 1.02 & 4

Microlitc AA 17.5 ±-.') 5 %"

Unbonded B Fiberglass None 0.95 0.85 & 4.2

, I_ulating Wool -- Owens- Organic Lubricant 2.5 6.5
. Corning TW-F "

ff .._.
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Tests of these materials indicated that the quantity of bonding material does :rot
affect the damage pattern in the wool. However, a slight weight advantage may
be attainable by using unbonded fiberglass wool. A eoLqmrt=m, of all materials
tested indicates that fibrous filler materials (glass wool nnd Q-felt) are more

effective than celhflar materials (polystyrene and polyurethane) in er)ding pro-
jectile fragments. Closed-ceil foams are undesirable because of secondary
damage effects. The outer shield shatters the projectile into mm,y small parti-
cles, some of which are vaporized {along with the filler material), giving rise to
a highly compressed volume of gas. The resulting pressure pulse sbatters the
filler material over a wide area adjacent to the path of the particles and sub-

_ stantially increases the damage to the inner shield (Ref. 11). The sMn suffers

:. a large petal-shaped hole similar to those frequently seen when explosions occur
adjacent to thin-sheet st,'uetures. A similar effect is observed for aw low-
density filler if sufficient space is not provided between the shield, and the skia
to relieve the compressed gases.

::

•Range Pressure

The effect of range pressure on target damage was investigated by testing iden-
tical specin_ens at range pressures varying between 0. 095 and 40 torr. The
results of these tests, shown in Figure 27, indicate that no sigr,.ificant variation

in target damage can be attributed to the presence of residual atmospheric gases
in the test range.

Fragment Velocity

The velocity of the debris in glass wool was measured using an ionization probe.
Two specimen configurations were tested• In the first, __ass wool was placed

• ' dtreet-ly:behtrid:_-O::/e'2{}-irteh::_tumimm-_ sheet; The second was similar except th:tt
a space w_: 1..2Lbetween the aluminum sheet and the wool. TF.e projectile w,s
a ,/-,-,.:-,.a-utameter aluminum sphere fired at approxim.q.tely 20,000 fps The

results of the tests, sho_m in Figure 2_, indicate that the greatest deceleration
occurs as the fragments enter the wool. Because of the limited range of _ari-
ables examined, no conclusion can be reached conee rning s pec imen geo met iT,

wool density, orprojeetile characteristics. Tilese tests ha_e, however,
¢

demonstrated the t'easibility of this experimental teehni(;ue" it is anticipated thJ'.,
when sufficient data h,,eomes available, improved estimates can be ma,_te c,i tl,c

subsequent damage potential of fragn_ents after tt_ev have petter rated _.&l'iCn!5

distances it.'.o low-,lensitv materials.

Co_topos ire Ccmfi_l_ rat ions

Following,, prelim in,'_try (:_',:tluat:i(m ,_17the fill,_ rs. c,_ nq-,_lsit(.' s pee imens s imi_.!at ing
aett,al spacecraft hulls were t_ested _t_in:: alun__inum aud l_cxau t,,'ojccLih:s. The

pr,-,j,eetile dtamet,_'rs ,'anl..(.'d lc,:,_r, 1/!6 tL, !, 4 inch, an_l v,eloeiti,:_: _aricd tro!._
l 5, 00 :_ to 2 5, 0(_ _ps; Three ge,ere.t, e_.mDgttt'-'at.i,*t_ were im-e,_.i_atmh The
t'i!'sl e(_nsisted _la low-densilv lill_:r b..et,v_,,=.uiv.,, al_u,i!v.,o._ sll,eets. The ._:c,:,nt

............................ 00000001-TSD02



configuration had three, sheets with filler between the first and second or the
seeond and third sheets. The first sheet material was either aluminum or :301
stainless steel; the second two were of aluminum, The third eonfiguralion was

_" _

l..i similar to tl_e second except that honeycomb core _:,_, placed etth_l in tim first
.. or second space between the sheets. Witness sheet_ ,, aluminum placed behind

i. the specimens made it possible to evaluate the relative effectiveness of the bar-

. rier, even when they were penetrated.

The composite specimen tests verified the results of the earlier filler te_ts, in
addition, it was found that both cellula_ and fibrous fillers of the same density

t had approximately the same stopping power, but the damage to the sheet follow-
=_: ing the filler was different., This sheet damage increased for the con_.igurations
i._ in the order below:
{ '

: 1) Fiberglass wool w _'" preceding air space;

:: 2) Fiberglass wool without air space;

_= 3) Open-cell foam;

!,' 4) Closed-cell foam.

"': | _ T' o'1"-: Low-density cork was found to shatter over a ,_.._ areas on impact; damage to
adjacent sheets was also high.

:-'- When unbonded honeycomb core was placed between aluminum sheets, it was

-i i found that penetration occurred as though the honeycomb had not been present.
•" One specimen was tested using bonded honeycomb. The damage to material .

-:7_ adjacent to the point of impact was somewhat less but total penetration did not

_4._ appear to be reduced. In tests performed using honeycomb, neither beneficial• •

-',,.. nor deleterious effects were noted that could be attributed directly to the presence

21:.i! of honeycomb in the configuration. :........."

:::!:':i The results of the composite barrier te_ting are summarized in Figure 29. The
: :_ figure shows unit v;eight and overall depth for all of the composite specimens

:::_"::_ impacted by 1/4-inch-diameter aluminum spheres at app.roximatelv 20,000 fps.

:-_.i_ Although many configurations were tested, barrier depth was fcmnd to correspond
to barrier weight for a particular type of damage. One test (Number 262) does

z.:_:_!_ not at first appear to fall within the proper damage zone. However, Test Number
O O

i{:_!:_{ ..6., contained honeycomb that added to ;he configuration weight, but did not help
...._:_ defeat the projecti!e, in Figure 29, two arrows are drawn from several of the
- ._,_

.....-:_ points, the arrows showi_g an increase in barrier ,teptn inO.icale where the points
o:_'{ ,- ¢.... included inth(:,:oniiguration. The horizontal

-_:_7: would lie if tt_t., wttne:ss _h_cl._ '¢,'et'e
' - . _ ")'" -_ 1 _ ,t" _:--..-: :lrYO',VCS sll,._w the increase in ,rail weig;ht if the l.l,,al st ,_c. thickness was inerea:sed

sufficiently to d,:feat the projectile. The increase in final-si_eet thickness was
cc!lc_l:,.l,:,t u._in,: the ,n,dtist_,_:,t _lesi_'n proe_::d_lre to 13cdescribed later.

P,,n_,l.... rat_lr! t_,st_ Iota...... were obtclined ir_ s_;.lieiunt _luantitv. to ,-t_,velop a penetration ;

.:.,1,,ttion :_pf_,li,eab!,::t,:., fit_:r_:ilass w-,;I t_etw+:en al _minum sh,:,:ts. The _eom<::try i
'; ,)l t}!_: t_:.,_ ;I,.,-'in-,_m__ i:_ ,.-sl__+__wt-_i.n Iri;,;,!r_:.':'0 :tn,] the t_e_.;tr,:st_lts :tt+(_' ._hc,_,_nill Fie/_r(., '31, t

$

.:;,-.-.. ........................ _' , . _ • ;_ _. ,, X_y),,v.,;,_ ..... *1-': fz- .q'.:_,-"-. -Y- • .........
,_ ................. !1 ., _----_- . : m, • _, .---'_r-'-, /_., . ...... .\ / ..- "_-'1........ ...... :''. •
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The results indicate that penetration with filler can be related to penetration
' witl_out filler by the following equation:

Nf : K No. (4)

- Tl_e factor K was found to depend on projectile velocity and filler tl_iekness and
density in the following manner:

K 1-0.9'' [1 o 2]= Sf/D + 11o (Of/Pl) f (V/C) (5)

The velocity funetional relationsiLip is shown in Figure 32.

STRESSED SPECIMENS

The consequences of meteoroid impact on a spacecraft module depends on both
• the meteoroid size and on the spacecraft geometlT. If the meteoroid is no larger

than the particle for which the module was designed, penetration wil! be limited
to the barrier. For particles of larger size, particle and barrier fragments
will strike interior components such as the surface of cryogenic tanks, or may
even penetrate into the fluid. When this happens, especially if the tank is

stressed due to internal pressurization, the tank may fail catastrophically. The
conditions under which this type of failure occurs were investigated by subjecting
uniaxial stressed specimens and si_herical tanks to controlled hyperveloeity
impacts. The specimens were of 221 9-T62 and 2014-T6 aluminum. Projectiles
were 1/_q- to 1/4-inch-diameter alumim_m spheres. In the majority of tests, a

shield was placed in front of the speci_aen to fragment the projectile• Cwogenie
• temperatures were obtained by placing a cold box containing liquid nitroge_

against the back of the uniaxial specimen. A thin organic diaphragm separated
the liquid nitrogen from the stressed sheets. Spherical tank specimens were
chilled by filling with cryogen through a controlled pressure port.

Experiments were conducted to d,2terminetbe e_eei:_=of _p_ of an unfragmented
projectile into 2014-T6 and 2219-T62 aluminum specimens backed by liquid nitrogen.

For this series, no stress was applied. A typical failure is shown in Figure 33.

The 0.0,i0-inch-thick 2014--r6 specimens failed even when tested with the smallest t
, projectile, a 1/8-ineh-dianm ,;r aluminum sphere at 21,000 fps. The 0.100-inch

2014-T6 specimen failed ;,,'hen ,fit by a 3/16--inch sphere at 24,000 fps, b-it notwhen hit bv a 1/_-ineh sphere at 25,000 fps. No fracture o[the 0.10()-inch--thick

t 2219-1'62 _p,._cimens occurred during tests using the largest projeeti!e, a 1/4-
meh-dian',.:ter alumintnn sphere at 19, o01_ fps Although tl_e general trend of
data was reasonable and consistent wit, _(:sts _%_fPt-i?iTetsowhere (Ilufc_reneu !.I),

" the limited scope of this test series precluded on5 _encral cone!v_ions eonurning

the significance of projectile size or sl;ecimcn I _{e-.k_egg:;: It: e_.n.::be, -ded:ueed: .from
these tests, however, that"2!9-T62 '- _:_ILI_, lllOl'e l'esistatlce t,, FLI[)tUFt_ at 711(2S(2

tempevotures than ]::_f 20!4-T6.

15
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A second series of investigations was pert'ormed with gaseous nitrogen in the

-" cold box. ]_or all cryogenic tests, the specimen was t'irst chilled b3 r circulating '

L li(t,._id nilr,3gen through the .system. Low temperatures in the ab___enec of liquid
were aei_ieved by closing the liquid-nitrogen supply line and allowing the liquid
in the enid box to boil oiT. Indicators were used to cheek the level of liquid.

The impact test w:,s performed immediately after boiloft'. Minimum tempera-
tures thus obtained varied frop_ -130 to -250"F, depending on the thiebmess of

:he specimen. The results of the 0.090-ineh-thicl_ 2014-T6 tests are shown in

Figure 34. The critical gross stress is shown as a function of damage size.
It was not possible to fracture the 0. 100-inch-thick 2219-T62 specimen_ under
these conditions. This was due to the lower yield strength and higher impact
resistance of this material. The residual strength was found after impact damage

by static tensile tests. The resulta are shown in Figure 35. Two cum, es give
least-square fit of the data for the range tested:

loga = -9.167 log (2a)+ 4.644 (6)

log a = -0.167 log (2a)+ 4.566 (7)

The upper curve (Euqation 6) gives the residual static strength at room temper-
: ature of specimens that were tested at cryogenic temperature and on which a

cold box had haen mounted. The lower curve (Equation 7) is for specimens that

were static tested at room tempera_ture after being impacted at room tempera-

• ture. The two curves are s_.gnificam:_y different despite similarity in apparent

ira.pact flaw size. The te rope ratur._:f-the- specimens--during impact_ (possibly
complicated for these test,,; by the-presence of the cold box) has a major influence

:_ on the specimen reaction :o impact.

--_: Liquid-nitrogen-backed 0. 040-inch-thick 2014-T6 specimens with shields were
alsa tested. All shield and spacing combina_tiom_.resulted in fracture. Fig_re

36 shows a typical fai_.ure.
_i "--

_'- The predictions bas.ad on uniaxial stress data were checked by testing spherical
2014-T62 aluminum tanks. Figure 37 shows a typical test arrangement. Three

:_ biaxiat specimen tests were performed. The tank specimen shown in Figure 38

cot}rained liquid nitrogen, but was not pressurized at the time of impact. The
fracture corregponds to the failure obselwed in the uniaxial liquid-backed speci-

men. Ftgm'e 39 shows: a spherical specimert after impact. The tank was partially
......-: filled with licmid and chilled to -300"F. The liquid supply was then shtg off and

the tank pressurized using gaseous nitrogen. The temperature and preasure aa
recorded at tile time of impact were -200"F and i010 psi. The contents or the
tank were, therefore, in the supereritical regime 'and it was not possible to d,.ter
mine the relative percentage of liquid and vapor. The indicated stres,s at the time
of impact was 27,500 psi. This point is shown in Figure. 34 and is consistent
with the uniaxial data., although not directly c,)mparabl,- _ because of dllfurences
in thicknesses.

!f;
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The specimen shown in Figure 3.q was retested tinder similar conditions except

i that tile shieM spacing was reduced to :l inches. The resulting catastrophic
failure is shown in Figure 40. The fragments of tile specimenwez-e recovered

and reassembled. Examination or tile impact area revealed that no penetration

had occurred during impaet. It is estimated that tile loss of area due to the

previous impact had reduced the effective thictmess in the area of impact by about

25 percent. Therefore, the local net static stress was approximately 35,000 psi,

and failure would be expected.

7.:ii---: :: i

i!2:..=,



BLANK PAGE
_._

?

00000001-TSD07



L ,.,E III..\ I... N .',.',,.\ I, YSIS

Tht, :tbility to predi.eL the depth to which i>.1_3})_,l'vt,ltn'il..v t_:trLic.,l_,_:ill i_tmctr;tt_ , :t
targt;t has lense be,_,n ,.t pi}{-iiiiLi:.;,};[_]l)Ctik:i)[n Ell)tb,_;,-Jid i-j;_i[.ii.l;,-l_. 5\ i(_il_l)er ()f
tlm,oretical I ompiric_tl equatiCms have been _to_cl_t]t'_i to pr_,_lict c,__tt_et' ,t_,l_th
in semi-ir_', I,e t_rgets. These eqtt;ttions h_tv_., :rise b_:_}l ttsc_l t_._prectict penctra-
Lion into arzays _1' multiple thin sheets hv multLplyinR the s_.,ini-inli_litt ¢_(tuz,ti'm._

by a constanl:. "['his proceduYe assuntos that the parametric r_e|:ttions e.ff,_,t.tivt_
in describing :semi-infinite penetrat.ion ,ire x':tlitl for m,_re eOml:dO.X maternal and
geometric arrangements. Alttmugh the validity of such an assttmptic.u_ is doubt-
ful, il. is commonly used, especially for t)reliminary _lesign purposes. ['here is.
however, little in this approach to g_.tide the designer in selectin_g meteoroid ba.;-

rier elements for minimum-weight detaiied design, or in integrctting shielding
requirements and other operational constraint:  �Using the data obtained during this meteoroid-protection program, a r-,.,ett=odhas

been developed for determining penetration into multiple thin-.sheet arrays. Eii.ht_r
minimam-weight barriers or shielding that incorporates load-carrying structures

can be designed. 2_,vo penetration equations have been derivect. One is appro:,d-
mate, but is valid for any projectile and shield-material combination. Tile otimr
will predict pene,.ration quite accurately, but is based only on ctata for aluminum

projectiles penetrating aluminum shields.

PENETRATION PARAMETERS

The material and geometric parameters that have been considered in _[cxeloping
the penetration characteristics of multiple-sheet barriers are discusse,[ bel.ov..
Limitations on the v::tlidity of the equations antl their extrapolations are u Iso
indicated.

Projectile Shape

Spheres and cylinder's with a length-to-diameter ratio of 1. have been tested. It

is asz, umed that. test results are applicable to all particles with a length-to- i
diamett3r ratio el" :tDpro.,dmately unity, l

I

._" Projectile Vch_,citv

A velocity range of 15 ,(m(t to :U, {uJ(I tps w_,.s ttse_l in _lt_,rivinR the ,ltq_,:mb.m_..t, o[
penetrati.on:_..a. _-e{_,ity. Re',ts,.mable confidet_c'e ma 3 b<_'p|',.tc<',l in velov'ity e._:tr;tp-

,)[;_ttions _1_17_t_'_1;5 perctmt, r:!{,w_."<c'r _' _, :._ m_t<,m'oi{t v_,l__,iti_e,.; t[l,_' utl__'__,t't_l, intv

(u_ing several ratiomtl exLral]Ot:ttion tct.hniques) in tilt, thi__,l.zncs-4,d thw l;._t sheet
()1_';t tht',,t,-i,|t,lll(_'nt });tr!-J.t_.l" is &t t,_:t,4t :.t l;tt't()t' o[ 'I.3. [TilL' t',}t'rL'Sp{)n(iilllg tlllt'C!'-

t:,intv in t,,t:,.I >hi__'l_linR w,:i,,ht t:_ " l;tt'l _r _,l "

o_
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SInehl Tluckn", ,,_'s.....

F_a":tlun:inmn projoctilo:5pcmetrating alurninum t_tt_.c.t_sbio[d-thic,kno._:-;-to-

l)rtlioctiJ.e-i|iltF/IOLcFratios _ff(i ()3to 1 arc valid. For oth('r materiaL'.4,thickno._s-

,, to -_liamctcr ratio:_ of O. 10 to _) 3 may bc user[. ["il4ure,_ tl aml 12 :draw the t.,ffcct

}: of u::tcnding the r:mge ,_f thit.lmass;-t_-_liamotcr rati,_ bcyt)n_l lh;_t given :tl)ove.
•( :

":1 Sheets Behind the Shield
,i

_:ii The penetration prediction charts were derived only for alunfinuna sheets behind
the shield The charts should, therefore, be applied only _o aluminum structures,

-- ,v ,j

I although sheets of mag-nesiun_ and magnesium-lithium are admissible. No allow-
! able thickness range has been established, but sheet-thiekmess-to-projectile-

_"- diameter ratios of 0.08 to 0.40 have been tested.

il Sheet Spacing

] As shown in Figures 23 through 25, the effect of spacing was found for shields of

_o! aluminum and stainless steel. First- to second-sheet spacing was found to be

important for aluminum shields, whereas spacing behind the second sheet was

• found to be significant only for shields of sta_ale_.s "_ '-s_et. Spacing does not appear

-" I in the penetration equations, except for aluminum into aluminum.
t

{_:Ji PENE TP_A2iON PROC ESS

_ilil As discussed here, penetration is defined as the maximum penetrating power ofindividual frag_nents. In the exFerimental work it was found that although major

:} damage was confined to the first few sheets of a multiple sl,.,et array, very small
. _etl_ ..... uu t'l.'Ortl _ tO ZO _,gl(,ll_b_ ZEP°ts,_, fragments (0.01 to 0.03 inch)frequently ,t.. ....

depending on the material and t_." •.... ,._nesb of the shield. For aluminum, magmesiam,'- i

} and - -""- o_.... '...., n,_- a ......... ,_umum shields, the number of sheets penetrated never exceeded six.

, The design procedure developed from the _est data demands that the shield• frag-
? ment the particle. This demand is easily met because even the strangest projec-I

_i tiles (steel) will be shattered by an aluminum shield with a t/D ratio of no more

' than 0.08 (the smallest tc_ted) and a projectile velocity exceeding 15,000 fps. It .
%,

.: i_ also assumed that once the projectile is shattered, the physical process govern--
' i _g the penetration of all subs,_qucnt sheets is the same. The 1)u.,_ ph3,s__cal proof

otft_rcd to va[idat,:, this assumption is that microscopic examination of the perfora-

tions in the witness sheets reveals no visible variation irom one sheet to the next.

J Subject to the above restrictions tbc penetration of any projectile into any shield

:l_{ix\\:i:}x} follow,-,I b_v aNlUrn__(inuTlI!lsheets ofcon)( D1 " ostant)l/12(thickne_!/3(V)-4/3ssis givenbv_ 1/4
\i

,; -7/1_
• or N '_ P t2 (9)

20
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wher e P t p V -4/'3 1/3 1/{- : (t0 :) (1(0
T2 P2

([.kluation _ ITas been verified experiJq(mt:tliy for ve[o(,ities of 13,000 to 26,000 fps. )

If till t(:rm_ in Equation ltl arc held constant, "" "tilL'If

7/12
N (t2) construct (11)

where all the N sheets Lave constant thickness. If the thickness of the penetrated

" i_heet s (eXCepting the shiekl) were changed, the number of sheets penetrated bc-
eollle 3

= (i2)
=i _t2b /

l where: Na = sheets penetrated in Configuration a.N1) ,-- sheets penetrated in Configxtration b

t2a = thickness of each sheet of Configuration a behind shield
t2b = thickness of each sheet of Colffiguration b behind shield.

i1 From Fquation 1.)itcanbeseenthatanexperinlentononeeonfiguratiencanbe

ill used the thickness, for a desired penetration, Nb, in
to predict :'equired i2 b ,

a geometrically -.:imilar coilfig, aration, p:ovided all other conditions are held
constant.

Consider the case for which the second sheet, of the desired configuration has a

thickness, t2, that is differenL from t.,.o, the thickness of all subsequent sheets.
Because gquatJ :n 12 i8 predicated on the conditian that all sheets behind the shie!d
are of the same thickness, it is first necessary to calculate an intern:o.diate con-

fig,aration that has atl sheets of thiclmess t 2. Applying Equation 12 to _he resu;ts
of a test configlaration, a, we cMculate the intermediate ,.onhg_,reLion, b (see

• '" _'; " ' to
Figlare 43). The shield, spacing, and t 2 of Configuration b are m_m._c.a,
those of Cotffiguration c. It is now necessary to transform the remaining _Nb -

1) bheets of thiel.:ness t2b into the required (Nc - 1) sheets of thickness t3e:

(t3l,_ 7/t9(Nc - i) = (Nb - l) -- (].a)t3cf

Ix-(,ause ta_ = t2i;

: - t2 b
tgc Nb -

"1
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, nbst_t,tt,ng Equ_Ltion 12: ..

: Nc 1
t,, (14)

. .,c LN /t2aW/12
('7'

Therefore, it is possible to prcdi:,.t the penetration rc, sist_mce ot _p,, :_lumimun

muitisheet barrier for a given particle and velocity from a single text, provi(led
that the shield materk,1 and shield spacing are held constant.

A number of tests arc needed to determine the thiclmcss function in

N = f (V,_ D, SI-,- tt,-.-t2-,. H) (15) .
='_I 7._:L:72:2272..':_7 ....................... i,_

i

' where H = material property.
_-_

i
i Because of this requirement, the ouly condition for which Equation 15 was estab-

i hs,.ed was for the penetration of aluminum projectiles into ::luminuna shields.

! The empirical curve for these da'ta is shown in Figure 22 and is given by the
I equation:

_:{ N = _C){t_)_D' )- 2 42 4, 26 4.18 (16)
.( • -t '-

1 :'
i

[ ]_.._ where 0.7 < (V/C) < 2 for V/C > '2 see Figure 46 .

Ii the effects of material melting point and density are introduced into Equation ° :
_" !6 along with an approximation for the tl/D function,and ifthe spacingterm} - / .

(S1/D)-a,12 is omitted, Fqtla+.hm16 revcrtsto"_Equa_,c,_;.*. itisbecause of_l_e

-_{]..: tmcertaiztt.yinthe spacingand tl/D functionsthatEquation 8 shouldbe used in
°'_ : conjunction _vith a test for nonaluminum shields. :: • '

Ii_: Becaus,eofthe amount of labo:"required to solve Equation 16 or relaX,ions simile:r"
i,, to Equation 14, a nomogram (Figttrc_4) has been prepared. Tb_:sa,,nplcproblem ......

I shows how a three-sheO: barrier (one shield plus two backup sheets) i.x designed :,if:! t
_: using the results of a single standard test. The nomogTarn is entered a.t _he known ,:/a $

i test resutts and with two of the three desired shield geometry v:tlues ( ._lt_,
:-i thickness, and number of shee_s). In the chart, N is the penetration l}e_r0ndthe

,:_ shie_bl,..or the penetration beyun(l some other point in l.he array. Fractional values •
_-- of N are used in deriving tt solutxa_:, bttt the next larver integer should be used ':

• __¢g, • t,i for the t_,t_d number of shee_s des_reo 111the final de_it,rn. For example, assume

:-" that a three-:sheet configuration, ix desir,_,d such that t2 and t 3 each _tre at least
:. 0. 008-inch thick. Assume that the tested contigq_,.ration consisted of a shield

spaced 0.60 inch from a series ui 0.005-inch wil:neassheet_,,fourof which

i are penetrated during the test. To start the analysis, choose a reasonable

: 22 :'_

• 11
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spacing, perhaps 1.25 inc'hes, :tntl enter thu chart a,s shown I)y the :;olicl-line

:trrmv,s. For thrt-e-sh(.,et t,onstl'UC, tion (N :, 2), t21) i.3 (_.(lto inch. I3c,.cau._c.
thi:s is g reate]? _han (1.008 inch, str_a__ttt).'al 14"tgc._mu._t be im.rca.,o_l to sati._fS,
!he meteoroid re¢tuiremt:nt. An :).ltern;ttt. s()l.ttti.on is to incro.:t:.;(_ the l'ir._t to

second el.utnunt spaci.ng and reduce thu tbiclme:ss tt,ttil _'2 . t 3 (). ()(IN inch.
llowever, this recourse i.s x,;tti(I t)nl 5"for ;thtnainur:_ shieltls. Assume l'or this
example that 1.25 inches is the nlaximunl ;tt:eoplat)le sp:tein_,, and that all increases
_o structural gage will I)u absortmd by the last shec.t. The dotted lines on the chart

':'1 show that the number ef 0. 008-in_,h-thicl_ shct.,ts penetr_ted is 2.3. Bec_tusc, the

thiciumss of otlly the third sheet i_ to I)e increased, these, 2.3 sbe.ets must I)e con-
di vcrted to o_e 0. 008-inch sheet and an additional single sheet having the same

stoppi_g potential as .3 sheets 0.0_,8-inch thick. The chart is re-entered at

Nb = 2.3 - 1 = 1.3. The intersect.ion of the t2b ----0. 008 line with tile NB :
1..3 line gives the protection capability. All points on a horizon.tai line through
this point have the same protection capability. Mo_mg horizon 'tal!y-to.N = 1

gives the required tl,ickness {tab = o. 012) of the third sheet.

Both the tested and requirad configurations discussed in this example were checked
by testing with a 1/16-inch-diameter alumim_m projectile fired at 19,000 fps into

an 0. 010-inch aluminum first sheet. The results of these and many other tests
have verified the predictions obtained from the chart. Because the ei'fe.et of spac-
ing has been determined, accurately only for nluminum, the chart of l_"olgxtre4°.'

should be restricted to constant shield spacing, Sla = Slb, for nonaluminum
shields. However, because tests using low-density particles (foamed aluminum,
foamed _tickel) have shown that the equation yields vonservative results, it is feit
that use of variable spacing may be accep 'table for feag-ile low-density projectiles
and aluminum targets.
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- ,,.' . DE SiGN AP.PLICATI(.)N

:i

_"_ Meteoroid-shielding.. desigm is acc,m-qHished in two phases _the first consists
_'.; of selecting the _argest paltml_ the shielding must defeat ,he see,.md consists

•i;i of designing the s:ructurc to withstand this particle. The nomogran_ of Figure
: '_ 45 has been prepared to aid i_, the sele,:tion of the ct,_¢icrn particle. The chsrt
.--_ is entered at the upper right v,ith a de'sired probability of 0, i, or more en-

iil counters. Proceeding counter clock,vise, the next diagram introduces the
t!. exposure _the product of area and thne). Moving down to a desired flux curve,
7! either the design particle _aass may be read from the "_: scm,. at the lower right,

: "i or the design particle diameter can be found from the family of density curve_)i .:::, i

'- :ii_' ° at the lower left. The chart is predicated upon the assumption that a Poisson
i probability d_,stribution is valid. The probability of n or fewer occurrences for

: :li an exposure of A _" is then given by

:I k=nZ. --¢2A'r k (17} i, _ P(n) = k ' I_ k=o "

: li

"! where $ ...... c.._u_m_u.!__ativemean number of particles per trait area
per unit time of mass m or greater1

_A'r = cun:ulative mem_ number of encounters with a par-

! :i• ticle of mass m or greater for the design exposure

_-"i Four flux curves are shown. Curves A and D define pessimistic and optimistic
lhnits, respectively. Curve B has been suggested by Hawkins, Reference 16,

t} . while C was suggested by Whipple, Reference _7. The solution of a sample

i_ problem is sho_a on the chart=

After the design particle has been selected, the design of the barrier can pro-
ceed. If test results are available in which the above part_.c.!e_...3y.aspr0jected at
design speed into an array of aluminum sheets, the firs t._tmet;of.:_which_ha&:ghe.=._ :;_:_:.................................. :-

stone thickness as the desired shield, the structure f,a_i_i_e_iet-d-can_ _;-::_i"::-: ....... :-......
" designed by Figure 44. If the test had the same first t_d-qec0nd-sheet spacing .-:_.::::

as in the design configuration, the nomogram can also be used fur first sheets
,_, of metals other than aluminum.

•..q Since laboratoD" tecl_niques preclu0e the simulation of meteoroid   ai --t tes:'a-.: ....

_i " design procedure h.'_a been developed that incorporams the uenetration functions,
Equation. 16 The solution to the equation is _ r '" d• p esente, in the form of a nemogrami:]

,i in Figure -t6. All geometric design p.'u-mneters such as thicl-mess and spacing
l have been nondimensionatized in terms oi projectile dimneter. The areas ,,-f

"i1 validity and restrictions on this eh_'t are the same as those given in the seetio,_

on penetration pm'ameters. The chart shows a rm_ge ¢_[possible velocity extra-

{t polations above V/C -- 1.6. This r_-mge covers the optimistic to pessimistic
25
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prediction.7 of previous investigators. The upper limit requires tliat multisheet
penetration t_(: inscnsitiv(., to velocity ehange_ _,above 5o, 00(1 feet per second.
This is the mos! optimistic extrapolation expected, even if complete vaporiza-
tion of the projectile mid shield fragments were possible. The lower limit

represents the most pessimistic velocity effect predicted for seln,-infinite m3d
' single-sheet impact. That is, above 70,000 feet per second the change in pene-

tration with velocity is proportional to the change in the two-thirds power of the

veloci_ of the projectile. Both extrapolation limit lines were faired to match
': the upper end of the test data. None of these extrapolations has been verified

from laboratory data. Until reliable tests are eonduetod at these velocities, the ....................

_- desigvmr must select an extrapolation based on other factors than those estab-
. -. lished under this program.

Q

NUMERICAL EXAMP LE

The solution of a sample problem is shown in Figure 46. The example fails
within the laboratory test range" the predicted configuration was tested and found

: adequate. The steps outlined are general apd may be applied at any velocity.

,_ Assume that a three-sheet configuration.is-desired.- ......The.desi_v.-particle diameter .............
:) is D = 0.25 inch;the design velocityis20,000 feetper second. The shieldthick-

I

:::i nes:: and spacing are 0. 040 inch and '2.5 inches, respectively, and the second
sheet is 0. 020-inch thick. It is required to find t 3 such that the three-element
barrier will stop the design particle ......The arrows indicate that the chart is
entered for the following values of the nondi:nensional ratios: V/C = 1. "2,

i_, tl/D = 0.16, and S1/D = 10.

The diagram indicates that for t2/D = 0.08, the numi._er of a.heets penetrated
(notincludingthe shield)is3.4. This exceeds the desired number, since at

thispointthec _nfigurationconsistsof a shield(0.040-inch thick),a second

sheet (0.020-inch thick),plus 2.4 more sheets, each of which is 0.020-inch

thick. The final2.4 sheets must now be transformed intoa singlesheet of

equivalentpenetrationresistance. Hence, for the second cycle, the chart is

{ entered at N = 2.4 and t2/D - 0.08. By noting that horizontal lines represent
:_} :. lines of equa__pzometicm eapabfii'_,y:., it:is: seen that moving horiz0ntally from.. _the::,-,-,..., ...................... .:: : ....................

i_tersectionof N = 2.4 and t2/D = 0.08 to the N = I lineyieldst/D = 0.36.)

There[m-e. t3/D = 0.36 and t3 = 0.090 i_ch,

Inthepreceding exampio itwas assumed ti, SI, and t2 had been fixedby other
operationalconsiderationb. L"no constraintshad been placed on thcrscvari,-_blc:_,

a lighter str_xcture could have been designed. The minimum-weigh_ t've- __nd
three-sh_*c_ eombination._ e,,,- a gl,.,:,t spacing an0 veiot:it2_ - ".... _r_lntion are
_iLuwn m Figures 47 and 48.

I

•

"Jl'
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II,

MODULE DESIGN

Tile steps required to de._ign meteoroid shielding for ,q cryogenic propulsion
module arc demonstrated through several examples applied to specific mission
requirements.

The particle is selected using tim Figure .15 nomogratn as previously described.
From a meteoroid protection stmadpoint, the primary structure, Figure 49,
consists of two aluminum sheets. The in.qer mid outer sheet thiclmesses are

0.040 mid 0. 020 inch, respectively, and the separation is 3.4 int.hes. This will

be sufficient proteetior: for small particles, but an outer shield is required for
larger particles. To determine the actual thicknesses required, the nomogram
of Figure 46 is used. An ext:apolation of the velocity effect must be selected
prior to using the nomogram. The most conservative (lower curve) becomes
proportional to the cube root of the projectile kinetic energy and is used in this
design example.

Assuming a particle velocity of 100,000 feet per second and a desired two-sheet

configuration, eater Figure 46 at a number of tl/D values for seve_ra[ spacings.

Read off the required t2/D(N = 1) for each pair of tl/D and S1/D values. A plot
of tl/D vs tl/D _ t2/D is shox_n in Figure 47. Draw a line through the minimum

tl/D + t2/D values for each S1/D. This line represents the lightest total barrier
weight for the selected spacings. If a three-sheet barrier is being designed,

the same procedure is followed (for t2 = t3) , except that N = '2 on the chart. A
plotoftl/P vs tl/D _ t2/D _ t3/D is shout1in Figure 48.

To continuewiththe example, assume a two-sheet barrier and a probabilityof

no penetrationof 0.99q9. For the cryogenic module shox_ in Figure 49, the

exposure, AT, is 1.56 by 105 feet2-"ours. For a particledensitT of o.5 gram

per cubic centimeter, thisleadsto a particlediameter of 0.27 inch (seeFigure

45). Itis assumed thatstructuralrequirements otctat,a 2.0-inch spacing and

a minimum tI and t2 of 0.020 and 0.040 inch, respectively. Dividingby D

gives S1/D = 7.4, (tl/D)min - 0.074, (t2/D)min = 0.148. The minimum curve
from Figure 47 (dashedline)indicatesthatfor SI/D = 7.4, tl/D is approximately l

0 _;_1.88and_7i=/:D:_-._-[D:ii_ 0-:900._:;-_The trust t_/_:D=vatt_-:_:i8=_thas=_::7:ta,:=:_tip[ying_ ........................

by D gives t 1 - 0. 051 inch and t 2 -=0. 192 inch.
:: -:::2:=:.:..:.-. .................................

A three-sheet design i,s accomplished in a similar mannm. For exmaple, using
the same 0.27-inch dimneter particle an0 assuming an allowable spacing of 5

inches results in S!/D = 78.5. From Figure 4_ the best tl,,I) valu_e is o. 10 inch
and the best tl/D t2/D -- t3/D iu 0.37 inch. These result in t l ::0.027 inch zmd

t2 = t3 = 0.037 inch. Ift 2 nndt 3 mustbe :it least 0.020 and 0. q)i,) inch, respec-
tively, due to structural requ,:ler.__<:nts, the design )lo,nogram should nou be used

to fip.d v. _t t I uould be required [or {'.,t,., : 0. 020 inch _md 0 t;t = C).040 inch. The
0. 040-inch sheet mus: first be converted to an e, .,i valent number of {). 02()-!och

sheets so th,t all ,_heets after t 1 will be of uniform thielmess. Enter the no)nogr_m

27
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at N :: 1 and t2/D : 0. 148. Move horizontally (constant "protection capability") .

to t2/D :: 0.{)7_. N is seen to equal 1.5. The 0.040-inch sheet is then equal to
one and cLhalf 0. 020-inch _heuts. Now enter the chart at N - 2.5 (the equivalent number

of 0. 020-inch sheets behind tt) and t2/D :: 0.07,t. Move horizonlx,_.lly to S1/D :

18.5. Drop down to _he V/C :_ 6 and the lower vehmity extrap,;lation line. Move

: diagonally to the t!/D line. The tl/D value required is 0.20 so _l,:_.t tl_in :
0.054 inch. The constraints on t 2 and t a result in a 14,-percent weight"penalty

.;-_ compared to tim minimum weight barrier as obtained from Figure 48

_ The use of the nomogram to desigm the _tJove two- and three-sheet barriers is
I

t illustrated on the large eha_t enclosed in the back cover poct:et. The effect on

barrier design of changing the acceptable risk (probability of no penetration) is
,! tabulated in Figure 49 for both two- and three-sheet barriers.

::! A general discussion of the effects of using insulative materials within the meteor-

:i oid barrier has been given previously. A design procedure has been verified for
_ glass-wool insulation and aluminum sh,,-ets. The procedure is the same as

?! used for no insulation except that penetration is modified by a factor K. That is,
.¢?
._ penetration with filler, Nf, and penetration without filler, No, are related by:

:,;i Nf = K NO (IS)
:,l

i The factor K is calculated from the following equation:
' "i

•

I

:?{/ where f(V/C) is given in Figure 32.

: .::.: ............................................

ii_':: .: ::: r..; .2' .: i "': :::'":: " :.:;: :' .: ."r.' •

i:

!_ °

. '.. _i

'28 ....

. :ta ...................

00000001-TSE05



• CONCLUSIONS AND I{ECOMMENDATIONS

A unique solution for a nmteoroid barrier design does not exist. Marly related
solutions may be obtained, depending on the order of preference in selection of

barrier element material and geometl3,. In general, it is not profitable to design
compl,_x meteoroid barriers by ratioing results applicable to single-sheet or
semi-infinite targets. Under this prog:am, an analytical method has been dcvel-
oped that permits the rational design of meteoroid barriers by the sequential

selection of barrier eleznents. Design may be based on a minimum-weight
criterion or with full consideration of other vehicle operational constraints, such
as volume and size requirements, depth limits, minimum gages, structural

. loadings, or temperature control.

The use of low-density shield materials resuits in the lightest meteoroid barriers
• where the design criterion is based on complete resistance to penetration. Where

some small punctures may be permitted, high-density shield materials may offer
some weight advantages.

Since shield fragments are a major contributor to inner-element damage, the
outer shield thickness must be chosen to minimize total damage. Total barrier
depth for aluminum elements (especially the spacing between the first two ele-

merits) is the single parameter having the greatest effect on weight. It can be
shown, however, that a maximum depth exists beyond which any further increase
is no_: useful.

Penetration damage is strongly affected by projectile material and density. The
factor of most importance in correlating damage from various projectiles is the
transverse diameter of the impacting particle.

The hazards of velocity extrapolation for impact into semi-infinite plates have
been thoroughly explored. Simple extrapolation based on particle momentmn
or energy does not appear to fit penetration through multisheet or composite

barriers, at least over the velocity range tested. Despite this, an extrapolation
proportional to the cube root of projectile kinetic energy has been provided in

the design nomogram (Figure 43). _i_i;_:,i_:::-_._:...........................

- Significant advances have been made in the present program toward solving
meteoroid-shielding-design problems. Some additional testing and analysis

• are required, however, to obtain solutions to all of the p_oblems in the areas
" studied. Recommendationa for additional studies are discussed in the following

. paragraphs.

During _he present program, projectiles of.._luminum, aluminum oxide, Pyre:<, -_:_:_a_::-:_.=_,_
Lexan, mal,mesium-lithium, foamed alumiuum, and foamed nickel were tested.
The primary projectile was aluminum; relatively few of the other projectiles
were tested. To predict the effect of projectile density and material, a test

29
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program should t)e conducted in which projectiles of different nmterials are tested. :_::
Projectiles ol' the same material but vatting density should also be inc|uded.

! The projectiles should I)e +;ired at several velocil,ies into similar targets.

The effect of impact by low-density projectiles should be investigated. Compari-
son of the data on impact by plastic and aluminum projeetiles has indicatt+d that,

at high velocities, damage trends may be more severe ,vhen testing with low-

; dens ity projectiles.

The results of the present program i_ave been based on tests in which the velocity
: was varied from 5000 to 27,000 _ps; the major portion of the data was obtained

;:_ at velocities from 18,000 to 25,000 fps. Some of these tests should be repeated
_ : at higher velocities to have a broader base upon which to extrapolate velocity ., _%'

_+_:: effects into the meteoroid range. Test velocities in e+xcess of 30,000 fps would
be useful.

A series of tests was perfe_+med in which specimens, loaded uniaxially and

.:: biaxi_lly, were impacted at cryogenic temperature. The aluminum specimens
_ (2219-_'62 and 2014-T6) were impacted by aluminum projectiles and/or the

fragments from aluminum shields (2014-T6 and 7075-T6). Other specimen
i: ma_:erials and/or other shield materials might give different results. A significant

number of additional tests should be made to investigate other cryogenic tankage ..........
materials over the anticipated range of opera+t_io._++._emp+e:_a+t_J_!:_-::::::-:i_:+_:::: :_:i : : ............

..... The confinement offered by panel constraint needs to be investigated for a range
_::_ of structural supporting systems. This includes skin and stringer, corrugated .

stiffener, and hone;comb structural arrangements.
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(a) BREECH, PUMP TUBE, HIGH-PRESSURE ADAPTER, AND BLAST TANK
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(b) INSTRUMENTATION SECTION _,ND TEST CHAMBER

Figure1: BOEINGLIGHT-GASGUN- I/4-1NCHBORE
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Figure 5: LOADINGFIXTUREANDCOLDBOX
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, See Symbol Index at Beginning of Report

_ . T:1,_._:, Melting Temp. of Target Sheet "..... .":_.

...." ' T p = Melting Temp. of Projectile .

._ ........................._2:--_,..=--Mel ring ..Temp,-.-.ofWitness-Sheets:_:._.,::•

0 1 = Density of Target Sheet

,, = Density of P_-oiectile

__" _2 = Density of W_tnessSheetsLI

! t1 = Thickness of Target Sheet==..........................................

ti t2 = Thickness Of-W-i_tnessSheets
._ D = Diameter of Proiectile

:"_................. V - Velocity a[ Proje-dfile ..................................

C = Speed of Sound in Target Sheet

Projectile- 1/16, 1/8, 3/16, 1/4._lp-_.O.._.i_i:-_i-i;:i::i:_::......... : :" ::: "::::-_-:'

......... Velocity R_nge - 15,000. to 2-5;000 fps

Figure2l: MULTIPLE-SHEETPENETRATION
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_: Figure 23: EFFECTOFWITNESS-SHEETTHICKNESSONPENETRATION
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:, '% . O.020-inch [_L)IStalnh-,,:_._t_el Shield

i - A" "-

' _ ....:...........:.-222:.i..2Z2-=:21_'2:-221-.Z2ZiZ.2_"-...b_

"' _- f_(:g-..:_,'-:q!-::.;_' .=.-_::._?.:q �¨..........."...... ".., ._ •O.O20-inch AI u,minure Slliel d

. ,_,_,_.' _ ::'£'"--':-..................... .. _

•C. _ ._.:--'-'_i!=:-.::-" Alumi._umProjectile
_" O | I. _.inch-Dh_neter Sphe-e

"1
--_-_" :-- 19,(.00 to 25,000 tps

• o .... 1 1 I ...., I 1 _ I
e. _0 20 _ 40 50 60

_, SHIELD SPACING/PROJECTILE DI/_ETER (S_, D,

-_:_ Figure 24: EFI=ECTOFSHIELDSPACINGONPENETRATION
\_ _,
Z_i .,._:

./;::' _:=-:!Si::i.-...... 101- _,) 0.0|O-inch Alum.inure Shield
• 0.032-i-ch Aluminum Shield

_) _ 0.0'.0-in_.n 301 r_tainless Stee! Shield

} Aluminum PmjectH_ - I/ib.-inch Diameter Cylinder
...... ::: 18,000 fps,<

g ='--_-_- --"-q-- -- Z_

i)] ,', ITr,;E35 SHEET 5P,CCll-._G'PROJECTILE DI/W_ETER'S 'D)

'2'

Figure ZS: EFFECTOF WITNESS-511EETSPAC INnON PENETRATION
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i /d.,mh_um P.(_i,,ctil_, - } J.6-,nch- Dh3rnetPg t_ylhldc_

L,I -J ?1 --

t I

_- CJ

o __
0 _- 4t-- L,'_

_,

Z _N Beryllium

_ 2-,u -- _ /__nc

• _ Magnesium
g _-sbsm_i,hlum/

-!-] L I ,, , I

0 0.2 0.4 0.6 0.8 1.0

SHIELD THICY, N£SS/PROJECTILF DtAhAETER (tl/D1

Figure26: PENETRATIONEFFICIENCY

1/16-Inch _/_0.005" Aluminuen Target Damcx:je I

Diameter

-.,.._-II I_, i U___"__ o:o.,_.

_-'Polyurerh_e a b k b b b
Fo_'_ CONFIGURATION 2 17,600 f/_

1.6 COr'.'FIC-URAT ICK 1
i_ sll

1-] 19,000 fps

1.2 - _ Conflq. I, a =0.I0", b :0.80"
U ,% Confia. 1 a : 0.60", b : 0.80"
--_ L_ Config. 1, Sa_ea_ ._ Except Fo¢I_ in o

• Conflg. 2 ::

o.8 _8._oof,, _:._,__:< ©

16,00_ fps
L.:..1 _ 17,700 fps

0 " 17,2'00 fm ' "_

• _- 17,200 fm
• _B,_oofm .... 1

' l _ l l....
0.01 0.I0 1.0 I0 I00

RANGE _RESSURE (TOIl.R!

' Figure 27: -RANGEPRESSUREEFFECTS

. : _; =: _ -- . . . ...... -, , , - ,, :.... , . .__:-- ,,, ib::_.'5,:: : r-........ _':_^ -.............. - .......... _.-
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Figure 32: VELOCITYFUNCTIONFORFILLERPENETRATION
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Figure 33: UNSHIELDEDBIAXIAL-STRESSSPECIMEN
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Figure40: SHIELDEDBIAXIAL-STRESSSPECIMENTEST_ FAILURE
:-- 1/4-INCH ALUMINUM SPHERE,-_T21_100 FP5 TEST TEMPERATURE -220°F
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EXPOSURE - A r -

I 102 10-4 10"

EXAMPLE _ _._ ,,,,,,_ J"'_.. .
GIVEN r,EQ'D _ \\w. , _ -

,P(n) = .997 M = 0.0043 GM R_\_ I'_'_'\
n =0 D=0 10 IN , ,,,,x_ '• \\\\ _\ \,

FT2 _'A = 1040 \ \\'_ '\_ , ,

t = 150 HRS _k_\_\\\ ""'

FLUX-HAWKINS " ' \"

Pp = 0.5 GM/CM 3 _'¢'\ k_\_
,,, , /!!:

\ \ _\\

o P(n) = Probability oF n or Fewer Penetrations _\'
n = Allowable Number of Penetrations k
A = Exposed Area
r = Exposed Time

,_= ,Meteoroid Density

METEOROID DIAMETER(INCHES)
0 001 0.002 0.005 0.01 0.02 0.05 0.1 0.2 0.5 .0 2

,i I ! , _I

• _ _:::j : i ! J

• ! i _i I

i
I L__ _ ,.,,.

• L _," I

_ :_F-H___ _02 _ _ _°-2 I _°__ 1
.a ," = MZ_Sec 10 10- 10-6 1£

METEOROID FLUX - PARTICLES/UNI'I E;
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' .................................................................

FT2HR 1-P(n)

" -6 108 1010 1.0 . I 0.(11 .........................001

= n=5

I

I
; ....

S

!
\ I

iI 0 .....
°i

I
1 ....... "
i
I

• i 10+2
• i "

!i +,
1 io-2<

, , lI;

i" 0I;

:-_- -40
L.U

; U I'--

I-
L -
! .:

' :: I0 -6 I0": 10-I0 i0-I 2 - _I4 10-16

,; .•,-8 10-10 10-12 10-14 10-16 10-18

,.;: 4POSURE A - PesslmisticFlux=lO-B/m (-_..NH_R) B-HawkinsFlux(Ref16)

-- (. N•_ C - Whipple Flux 1963A (Ref 17) D - Optimistic Flux = 10-11/m M 2 HR),)..

• _ Fiqure 45- METEOROIDSIZE

• " 7 ' I -., .:: ,'i....i:..... '.......
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Table A-l: RANGE PRESSI,rRE EVALUATION--1,,'16-1,,_CH LIGHT-GAS CUN

Multiple-Sheet Tests; Aluminum Cylindrical Projectil, _: 0. 065 In. Dia by

0. 065 In. Lon?i,:_ss I'_ :9,7 X 10 -3 Gram; All Sheets 0, 005-In. -Thick Aluminum

Shield

ShieId Range Damage Diameter of Witness

Test Velocity Spacing Pressure Diameter Perforations Sheets

Number {fps} . (in.) _.._(torr) (in.) _ (in.) Pcnetrated

1 17,500 0.6 40 0.076 0.65 4

2 16,600 0.6 0.095 0.070 0.80 _t

3 17,500 0.1 ,!0 0.070 0.2,t 6

4 18,200 0.1 0.21 0.078 0.25 5
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i= Table A-3: FILLER MATERIAL

Filler

rest Density (4) Velocity Penetrat:

! : Number Filler (lb/ft 2) Projectile ____ps)

' 12 Polystyrene 3_ 06 (5) 1/'32 MgLi I6, 10_} 0.4
! -

13 pclys:yrene 1.25 (5) 1/32 MgLi 17,700 0.75
: -.

..: 14 Polystyrene 4.85 (5) 1/32 MgLi 17,800 0.35

15 Polystyrene 1.1 (5) 1/32 MgLi 14,600 1.4

16 Polystyrene 3.06 t _ 1/32 A1 15,100 2.0

: : 17 Polystyrene 4.85 (5) 1/32 A1 14,300 0.32
:_

: 18 Polystyrene 3.06 (5) 1/32 MgLi 18, ,'00 0.5

.. ,)' ",
19 Polystyrene : ii,&_:.(S)_ : 1/..32 A_.: 14,700 2.0+

: _.'.:. :: ':i ' .

" 20 Polystyrene 1.25 (5) 1/32 A1 15,800 2.0+

21 Polystyrene 4.85 (5) 1,/32 MgLi 15,700

22 Pol.ystyrene 1.14 (5) 1/32 MgLi 11,100 1.25

23 Polystyrene 1.25 (5) 1/32 MgLi 17,400 1.06

24 Dexiglass 169 (1) 1/32 A1 17, bOO 0. 125

. .,o Dexiglass 169 (1) 1/32 Al 18, ,_,0,) 0."5,-

26 Dexiglass 169 (1) 1//32 A1 17,800 0.50+

27 Dexiglass 169 (1) 1/'32 AI 17, _00 o.u3+

28 Dexiglass 169 (1) 1/32 MgLi 20, 20f_ 0. 25

o

29 Glass Wool :'_ (2) 1/32 A1 la. 511(_ I °25

- 30 Glass Wool 3 (2) t ,:,_ _ 1_. (,,.* !."3

22 AI t:_, _Itl() 1 5. 31 r_t:;io'lass lG9 1[) 1' . _.'

" (t) Ah,,mip.ltm foil. dcm.aiLv: ti;a_6 tle_t't_;'- t.}e:xiata_x u_z,-_i*,.- +_ -;_, _*,-ti:;
12) No_ltrml _lea "' ' .,b!_. _, 'I It, I[" _41,1_liI!:tl ti! _'I.ll_"<:-, ' i!l,'i_,'<_

(:,} Est!ma,',,,!o
(.;) Cvtinrtrh:;_{ D!'_)j_,__'ti[e:" ! ) !' \11! _l_,t!!l _ J . I_l -'_ I.:,•!r,: _,111 • .4

hi) Cl,_'(i c','lt.
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• m _ ¢)VALUATION 1/3.-INCH LIGHT-GAS GUN

Wt/Unit Area

n 0b/ft 2) Thickness

(to stop projectile) (in.) Remarks

102 x I0 -3 2

78 x 10 -3 2

141 x 10 -3 2

133 x 10 -3 2

510 x 10-3 2 Just penetrated filler,no witness-sheet damage

129 x 10-3 '2

--.3

128 x 10 0.50 No witness-sheet damage

190 x 10-3 2

2 Penetrated, no breakup, crater in witness-
sheet

0.25 1rrojec_ilebroke up in flight

la O,.5 Penetrated, no breakup, crater in witness-
sheet

II0 x In -3 ' 1.06 Penetrated, no witness-sheet damage

0.125- 12 glass, 13 Al foil,fullpenetration;witness-
shee_ crater 0.65 inch

n.2.-,+ 2t glass, .50 A1 ,il, full penetration; witness-
sheet crater

0. 511+ 4b glass, .5CAI foil,fullpenetration; witness-
sheet crater

0.1;3+ 50 gla:;s,61 AI IL,_i,fullpenetrat on; _itness-
_h.cct shall,a,.v crate r

:;.-,ll., !q 11.511 4_ _Ia_s, 4i1 .\,i D,it, 2'2 sheets ,,[ al,_:.,,_inum

!,,i[ p_,n,:tr:Ited

;1( ,, I, :_ ",.:,, _xitu,._,_b--sh,_,_et .'_tm:tgc

II !_ ' !° ":-, \I_l!t_l.,' illtt.tn'...;,,[ ._!It!,_':3b sh,.et

,, ' ': ', '._; },.,,,:4_...... '.,7 .\1 !,,_I lull [c'llC't_'.' :).''Lt'_).l;¢1 ()..()--_.
IIH']I t'I ,'_} 'I Ill V [:!!!."-15 _5}II t_[

J_,. /J: ' '.• 'if:?'.:> :..........::........7.......'....Jl .,.,. ....
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I....f "_,<._ ._.: _-'=/7,
%iv, _? r ..... . - :t:=" ....

.::::
•: '"--:i

::i?%l

l .....
........::.-- Table A-5. MATERtAL EVALUATION-- MULTI

.:_::::i:2.2:;:2-L
're s t Sh ic ld Shield Proj ec tile l)roj ec tile Proj e c tale

o

Nu robe r Ma t,_r ial Thiekne ss Mate rial Dia me te r Veloc ity

(in.) (in.) (fps)
:d

3 7 2l)2'i- "['3 0.0't 0 AI 1/ 8 24 , hi)0

:-!_ 2,9 MgLi 0. 040 A] 1/8 24,900

iilo, 40 2024- T3 0. 020 A1 l/8 21,500
• 41 6AI-4V Ti 0. 016 A1 1/8 24,700

42 6A1-4V Ti 0. 040 ,41 1/b 24,500

43 6AI-4V Ti 0. 040 M 1/8 . ::_7._.,900

44 MgLi 0. 040 A1 1/8 19,100

45 2024-i'3 0. 020 A1 1/8 16,500

46 2024-T3 0. 020 A1 1/4 19,700

47 Tantalum 0.02 0 P2t 1/8 25,400

48 Tantalum 0. 020 A1 1/'_ 24,500

49 Tantalum 0. 020 A1 1/8 19 800

" 50 Molybdenum (TZM) 0. 012 A! 1/8 24 500

51 Molybdenum (TZM) 0.012 Al 1/_ 24 100

52 Molybdenum (TZM) 0.012 Al 1/8 19,809

53 5A1-4V Ti 0. 021) A1 1/,.'3 24,400

54 6A1-4V Ti 0. 056 AI 1,/_ 24,700

5_;}{i:-::::::::::;;::;:=202___!iiiiiii-il;!i:!_!:::? i: O: 020 AI ]./'4 1 _, 900
ii: i_;:':'7 -.!i ::}:.7:{.:.::::iiZ-ii.i?_.::k-_.!-i_isi:?_i": :::" ::: :" . •

"_ : : '--l l "" l'' " ........ ":-_(I2_-T8 - ..................... g';[ "0 " 0 All [/' _ 24,9 0 o

1 (1) Spherical projectiles (except as noted).

1/8-in. AI projectile mass -= 0.05 gram.
" 1/4-in. AI projectile mass =- 0.37 gram.

t/16-ifl, pyrex sphere ,.na_s 5 x l0 -3 gram.
1/8-in. foamed nickel cylinder mas_ (). 9:'_(; gl'_tllt.

t
1 --. '(............ .i-,:--:- -- . - .- ..... • ,.,----
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' LE-SHIELD 'rESTS, 1/4-INCH LIGHT-(IAS GUN

Witness Shieid Witness Shie!d Diamete _" Witness

Sheet _-_eiag Sheet Damage o f Sheets

Thickness Spacing Diameter" Perforations Penetrated
, ::::.

(in.) (in) (in.) (in.) (in.)

O. 020 2.5 1.0 O. 225 1.5-2.0 1. '7
.-: :ii:: :-

0 020 2 5 1 0 0 31 2_2: ........... 1.1
=- _ " ' " ' 7"i-F"" _ ":"

:_j 0.020 2.5 1 0 0.505 5.4 4.2

0.020 2.5 1.0 0.30 1.4 I.9

0.020 2 5 1.0 0.21 1.8 1.9

0.020 2 5 1.0 0.20 !:_:2:g : i 2.0

0. 020 2 5 1.0 0.20 Petals 4+

0.020 2 5 1.0 0.27 3.0 1.8

0.020 2 5 1.0 0.28 1.2 1.9

0.020 2 5 1.0 0.315 i:i 6.0
YZ"

9.020 2 5 1.0 0.34 1.4 4.0

O. 02_) _ 5 1.0 O.265 '_0.5 3.0

O. 020 2_ 5 1.0 O. 28 4.0 '2.4

_='_ 0. 020 '2.5 1.0 0.25 3.0 3.0

0. 020 2.5 1.0 0. 215 3.0 2.1

0. 020 2.5 1.0 0. 225 4.0 2.4

0.020 2.5 1_0 0.20 4.0 2.6

0.020 2-_ 1.0 0.22 3.0 1.5

0.020 2.5 i. 0 O. 30 2.5 2.2

O.021) 5.0 I.0 O.32 2.0 5.0

O. 020 5.0 I.0 O.21 3.8 I.1

J

i
:::! 79

=?

t
]

1
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Table-A-

_es t :_.>_/..m_._....... Shield Projectile Projectile Projec tile
Number Materi_.l Tl_iekness Material Diameter Vel,)eity

(in.) (in.) (fl)s)

57 BeCu 0.005 ::i;_::_i;_/_2:' 1/8 24,000
,.. : ...:-:. : -.:

.:0,:012=-::.:. .::::: a_ . :i/:8:, : ' : ' 24, 70')58 Soft Copper .=_..:_:=.::<_:::::.::..: .:......................... : .............:..=...

59 2024-T3 0. 020 AI 1/4 20,500

60 Soft Copper 0. 025 A1 1/8 25 000

61 1095 Steel 0.027 AI 1/8 19 500

62 1095 Steel 0.027 Al 1/8 20 400

63 1095 Steel 0. 020 A1 1/8 22 890

64 1095 Steel 0. 020 A1 1/8 24,000

65 SS-321 0.020 A1 1/8 22,500

66 6AI-4V Ti 0.040 A.l 1/8 24,000

67 6AI-4V Ti 0.040 A1 1/8 23,500

68 6A1-4V Ti 0.040 A1 I/8 24,200

69 SS-321 0.020 A1 i/8 21,900

,70 SS-321 0.020 AI 1/8 24 700

71 SS-321 0. 032 A1 1/8 22 000

72 SS-321 0. 032 A1 1/8 23 300

73 Tungsten 0.031 A1 I/8 24,600

74 SS-301 0.040 Al 1/8 19 900

75 SS-301 0.040 A1 1/8 24,800

76 SS-321 0.040 Al 1/8 24,600

77 Niobium 0.019 Al 1/8 24,700

78 Molybdenum (TZM) 0. 050 A1 1/8 24, 80,)

.........................7§ Molybdenum (TZM) 0. 050 A1 1/8 24,400

80 Molybdenum (TZM) 0. 012 A1 1/8 24,200

81 2024- T3 0. 020 A1 1/8 24,900

82 2024-T3 0.020 A] 1/,_ 25,600

83 ..024-13 0.020 A] i/8 25,70(_)

O0000002-TSC 11



(Cont.)

Witness Shield Witness Shield Diametcr Witness

She e t Spac i ng She e t D _mage o f She _ts

Thickness Spacing Diameter Perfort_{,ion_ Penetrated

(in.) (in.) (in.) (in.) (in.)

0. 020 2.5 .:=:.:=-.:=::.:_7.£,.0 0.17 2.5 1. _-

0. 020 2.5:{::::" :::: 1.0 0.25 4.4 :. : ::::..i: :::!!"_:._: ....................................................................: ...:.:: .....................................

0. 020 2.5 1.0 0. 314 1.6 4+ i1: i;:::i_::_:::_=:::.....

0. 020 2.5 1.0 0.30 4.4 1.4

0. 020 2.5 1.0 0.27 4.5 2.3

0. 020 2.5 1.0 0.27 4.0 2.1

0. 020 2.5 1.0 0, 26 5.0 2.5

0. 020 2:5 ................ 1.0 0. 235 5.0 2.3

0. 020 2.5 . 1.0 0. 240 4.6 2.1

0. 020 2.5 1.0 0. 325 4.5 3.0

0. 020 2.5 1.0 0. 345 4.5 2.1

0,020 2.5 1.0 0.34 4.5 2.0

0. 020 2.5 1.0 0.25 4.2 2+

0,020 2.5 1.0 0. 265 7.0 2.0

0. 020 2.5 1.0 0.30 4.5 3.0

O. 020 2.5 1.0 0.30 5.0 2.6

0. 020 2.5 1.0 0. 248 3.6 4. :_
.: . . ::.;:;: :. :.:..:-:. . :... :.. . , . ..... :. '.:: i :• .. -. : .:.........

0. 020 2.5 1.0 .. _ i : i.iZ:0_2i::--:0,37... .4_.D.. ' ' "_t. 7................ : . ..... _-:

0.020 '2.5 1.0 :_:0.49 ..... "_8 5+ ..... :. . : ....... :

0. 020 2.5 1.0 0.37 5.0 3.0

0. 020 2.5 1.0 0. 228 4.4 l. 5

0.020 2.5 1 0 0 3_ 4.0 3 7

0. 020 2.5 1.0 0.34 4.0 3.6

0. 020 5.0 1.0 0. 211 4.5 3. 'J

0. 020 5.0 1.0 0. 235 2.7 2.0

0. 020 5.0 1.0 0. 235 2.5 2.0

0. 020 '2.5 1.0 0.23 2.8 2.0

81
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Table A-

Test Shield Shield Projectile Projectile Projectile

Number Material Thickness Material Diameter VL'locity

(Jr.) (in.) (tps)

84 Tantalum 0. 020 AI 1/4 20,000
t,-

85 8_.-301 0. 063 ill 1//8 20,000

86 SS-301 0. 050 AI 1/8 25,200

87 BeCu 0. 005 A1 1/4 21,200

88 Lead 0. 020 AI 1/8 24 800

89 Lead 0. 032 A1 1/8 25 000

90 Lead 0.0.t8 A1 1/8 25 400

91 2024-T3 0.020 Al I/8 4,600

92 2024-T3 0.020 A1 1/8 10,200

93 SS-301 0.063 Al 1/4 20,200

94 Lead 0.025 A1 1/4 19,600

95 2024-T3 0.010 Pyrex 1/16 21,000

96 2024- T3 0.0].0 l:_jrex 1/16 21,000

97 h,!olybdenum (TZM) 0. 012 A1 1/4 20,200

98 2024-T3 0. 020 Foamed 0. 124x0. 121 21,700
Nickel

99 MgLi 0. 063 A1 1/8 25,300

100 Magnesium 0. 063 A1 1/8 24,500

101 6AI-4V Ti 0.063 AI I/8 24,300

I02 BeCu 0,063 Al I/8 24,40)

q 1/8 24,40010, "thangsten 0. 020 A1

!:04 1_vngnten ....... 0. 006 A1 1/8 25,000

105 Tantalum 0. 030 ,ad 1/8 25,100

106 "l"antalum 0.01.0 A1 1/'8 24., 800

107 BeCu 0. 020 Zvl 1./_ '"',..,, 60'3

108 Magnesium 0.016 AI 1/8 24,600

109 2024-T3 0.020 AI 1/8 25,300

110 2024-T3 0.020 AI 1/8 25,500

_ ----_ '_-_' _F.... /E---TT-'--_'4_'*"OT'1"-_q"".... _ "* * "P'_"-- _ ...... "-'_-4-# _..___ .............-a- - -r ......... :
..... 1 _,,-,*a._*.,._,.,_ "' * ' I ...... i ' _ _'_ _'.............................. • -" q... " /* .,, r, _' : ., ,9, :_ ,, ' .',: • " . _ .... , ',. ' : "' - ........

"- _ "7 :_'', ....... tw, ........ _---:.:-.~_',', ,,, .._H. :_.. } ," ¢':,_4.,:. r--:,,',.:.,.-'- -'............... ...:: .......... ;..: ,.4:.._L, .: ......A" .. ......... ' ............... - ...........
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:: : ii:!!!!!!!!_7!!/Tq:_

i:

_J"(Cont.)

Witness Shield W itne,';s Shiekl Diameter \Vi t hess

.!i Sheet Spacing Sheet Damage of Sheets

}I Thickness Spacing Diameter Perforations Penetrated

(in.) (ira) (in.) (in.) (in.)

!t-

0.020 2.5 i. 0 0,44 6.0 4, 0

ii 0. 020 2.5 i. 0 0.37 3.9 3.0

• 0. 020 2.5 1.0 0. 312 4.1 2• 8

tl
,[ 0.020 2 5 1.0 0.273 4 2 5.1• .]

__ii 0o 020 2.5 1.0 0.35 --- 0.7 j0. 020 1.5 1.0 0 437 1.9 2.0

0.020 2.5 i.0 0.52 --- 0.4

, 0. 020 2.5 I. 0 0. 132 0.15 4.0

0. 020 2.5 1.0 0. 173 0.19 3+

0.02{5 2.5 1.0 0. 522 _. 2-6• 3 4.0

_] 0. 020 2.5 1.0 0. 525 4. 7 2.39. 010 0.5 0.5 0.09_ 0.5 i. 9

1 Q •0.010 1.0 1.0 0. _.0_, 0 43 2.3

0. 020 '2.5 1.0 0.3;_7 4. 8 4.3

0. 020 2.5 1.0 0. 189x0. 198 0.8 2.4

0. 020 2.5 1.0 0• 365 2.1 1.5

i:_ 0.020 2.5 I.0 0.40 i.9 I. 2

J 0. 020 2.5 i.0 0.334 4.0 2.3

i_ 0. 020 :).5 1.0 0.370 4.0 3.10. 020 2.5 1.0 0.232 3.9 4.3 i

0.0,,0 ,,.5 1.0 O.170 4.6 2.1

6.020 2.5 1.0 0, _89 4.0 3.3

0. 020 2.5 1.0 (}.2!6 4.5 2.1

0. 020 2.5 1.. 0 0. 251 4. 3 1. '2

0. 020 2.5 I. 0 0. 211 1.2 2. !

,I[__ 0.020 2.5 1.0 0.2t3 1.1 :_.0 i

_} . •0.020 7.0 1 0 0.212 0.1 1 0

il
;1..
i1 83 1

"t '"c ..... -7 t,' _ _; ....... _,.....,
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"i

I

I,

i 'lest Shield Shicbl l)r_,j_ctJl: ' Pt',,j,_'c ti I,_,i
-! Nu mbc r Mate ria[ Thickness ),l;tte r m.1 Dia m, ,t,, z"

1 _in. ) i in. i

I .........................

._ Ill SS-301 0. t_t211 _1 t ,a

?-'-i i12 SS-:IOI o. 020 _I [ ,_

I _" SS-30t 0 020 AI_ 1/',

'-_ i14 Tungsten 0.02t) AI 1,,'4
: :'}

_F

_[! 1.15 2024-T3 0. 020 i,':_amed AI 1/4
• ,:a_

,-_ 1.16 202,t-T3 0. 020 Foan,ec! :kl 1/4

:i 117 2024-T3 0.020 ,U 1/16

! 118 2024-'T3 0. 020 A1 i/'_I 6

. i

!

:_ .}

- i

7-?
._-__"(

2

!"

t

..... .71 .

-.::2_'1t_

%,,.i

:_2- i.

7gl
':2.

'2]:: :_,
:.:_

li:, ' . .... .... " ; ,, 'x_' gt
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Fal)L'_' A.-5 (C,_nt.)

pr_ Ljcc ti Lc \\ i L_,-"_ _hi 2i_! Wi tn,2s s _hioLd iOmrm: t.c1" Wi n_'_'._

,3])J._. i ,, ,_hL'_ t DLIltl a_o _jI.' Shc.(}L._;

'l'hiel,:nc;_s , f):_CiLII-, Di;imctur I)erl,)rali_Jns Pen 'ti',ll__

([l,S) (in.) (in.) (in.) (in,) (in.)

'_I_ .t()(I 0, I.)20 7. () 1. _ (_. ZZ, 2. 1 1 ....

24, (i0(,J 0. 020 5. ,9 ]. _ 0, '2Z t _. 4 2. l

24, 70_' 0.02() T. (_ [. 0 0, '2'2.__ 9.6 l. 7

'd(b, 400 0. 020 '2. :3 I. (_ 0. 403 4.9 6.0

13,000 0.0'20 2.5 1.0 0,312 2. __ 2. U

13,800 O. G20 2..3 1.0 O. 285 3.1 3.9

16,500 0.010 1.25 0.5 O. 12_xO. 132 1.6 1.9

20,200 0. 010 !. 25 0.5 0. 141x0. 142 !. 5 2.4

i

" 00000002-TSD04



Table A-6. MATERIAL EVALL__'._
:2: "

Aluminum Proje(.Li/es :

Te s t Sh ie ld Shield P roj eet tle

Nu alb e r 51a t e r i a I Th ic k ne s s Ve Io,: i ty

(in.) (fps)

=_. 119 ,k1. O. 005 1 7, 5,)0

_" 120 /d O. 005 16,600

-:! 121 A! 0. 005 17,500

@ 122 A1 0. 005 18,200
123 Magnesium O. 020 17,000

" 124 Magnesium 0. 025 17,200

_ _,, 5 Magnesium O. 040 15,700

_ 126 Tungsten 0. 002 18, 100

_, 127 Tungsten 0. 606 17,500

128 Tungsten 0,010 18,700

129 2024-T3 0,010 18,700

130 2024-T3 0. 020 18,600

! 131 2024-T3 0. 025 17,200

• 132 2024-T3 0. 032 18,400

133 Zinc 0. 016 16,600

134 Zinc 0. 020 17,000

135 MgLi 0. 010 18,700

136 MgLi 0. 040 18,900

137 MgLi 0.050 18,900

138 Tantalum 0.002 17,400

139 Tantalum 0,. 005 20,000

140 Tafita-Iilfi_ e. 01_: 17, ,_00
w

141 Lead 0. 006 17,900

o 142 Lead O. 010 16,700

'° (1) Ali witness sheets penetrated.

, . .. ,.,_ x 10-:(2) Steel projectile,. Dia _- 0.0(;5 in.. _l_b =: ""

(3) Lexan cylindrical projecqle: I,,/D :: :;,/,_ Dia 0.0,

00000002-TSD05



!
I

iTION m MUI.'FIPLE-SHIELD TESTS, 1/16-INCH LIGHI--GAS GUN

:_ _; Dta = 0. 065 in. ; Mass _ 9.7 x 10 .3 Gram; All Witness Nheets Aluminum.)

_1 Shield Witness- Witness- Shield Diameter Witness

Spaemg Sheet Sheet Damage oi' Sheets

Thickness Spacing Diameter Perforations Penetrated

(in.) (in.) (in.) (in.) (in.)

O. 6 O.005 O.3 O.076 O. 40 4.0

O. 6 O. 005 O. 3 3.07 O. 40 4.0

O.1 O. 005 O.3 O.07 O. 20 5.0

O. 1 O. 005 O. 3 f1. I0 O. 25 5.0

0.6 O.005 O. 3 0,12 O.85 4.1

O. 6 O.005 O. 3 O. 128 1.05 4.5

O. 6 O.005 O. 3 O. 152 1.0 3.5

O. 6 O.005 O.3 O.067 i.45 4- (1)

O. 6 O.005 O.3 O.089 i.25 i0+ (i)

O. 6 O. 005 O.3 O. 102 1.15 11+ (i)

O.6 O.005 O.3 O. 107 L.2 4.0

O.6 O.005 O.3 O. 144 1.2 3.8

O.6 O.005 O. 3 O.152 1.2 4.0

O. 6 O.005 O. 3 O.170 O. 95 3.5

O. 6 O.005 O. 3 O.153 I. 1 3.5

O. 6 O.005 O. 3 O. 163 i.0 3.5

O. 6 O. 005 _. 3 O. 106 O. 80 4.0

0.6 0.005 0.3 0.16 0.85- 0.95 3.9

O. 6 O. 005 O. 3 O. 185 1.10 3.0

O.6 O. 005 O.3 O. 077 i.4 7.0

O.6 O. 005 O. 3 O. I00 i.3 7.0

O. 6 O. 005 O. 3 O. 122 1.22 13

O.6 O.005 Oo 3 O. 121 i. !5 3.8

0 6 0.005 0.3 _3 ' ' ..... :_o 0 9_ 3.2

gralTl °

5 in.. Mass ": _. 97 x 10 -3 gram.

_7

i_ --- - " ................ :.... IT- -: ..............f/ :'- ' " I::: ........ : ..... !, '
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, %

Test Shield Shk, hl P rojectile

Nu robe r Mate rial Thieknca s Vcloc i ty

(in.) (fps)

143 Lead 0. 017 18,10l,

144 BeCu 0. 006 I7,500

1.45 BeCu 0. 010 18,400

146 BeCu 0.015 18,500

147 SS-301 0. 006 17,300
: :-_

148 SYr-301 0.010 iC,500

149 SS-301 0.016 17,590

' 150 BeCu 0.002 18, i00
i

_- : 151 2024-T3 0.010 17,000

F- . 152 2024-T3 0.010 18,600

153 2024-T3 0. 010 16,300 ......

154 2024- T3 0. 032 15,100

155 2024-T3 0. 032 19,400

_ 156 2024-T3 0.032 1 _ '00

i] 157 2024-T3 0,032 18 200
( .....

158 SS-301 0.010 17,900

159 SS-301 0.010 14,800

160 SS-301 0. 010 17,700

161 SS--301 0. 032 18,300

162 SS-301 0. 032 18,000

163 SS-301 O, 032 18,700
] :"

164 2024-T3 0' 0i0 16,600

__.: 165 2024-T3 u. 010 17_300

16(i 2024-T3 0 032 17,200

167 2024-T3 0 032. 17,600

..... . 168 _o_-301 0 010 19,700

16U SS-301 0 0!0 Ib,4O0

170 SS--:_01 0 (,3,. 17,700

1.71 SS-t01 0 032 !__,400

z'.: ._ . . . .

00000002-TSD07



_i

?

2_-(J (C,mO

_',hieid Witness- Witness- ,_hmld Diameter WireleSS

Spae ing Sheet Sheet llu mage ot She ets

;-] Thickness Spacing Diameter Pe elorations Pcnetrat.e_l

-t (in.) (i,,.) (i,.) >
-I
' i O.G 0. I)05 0.3 0.20,,f '_ 1. 15 3.0

i_1-:_} 0. G 0. 005 0.3 0. 093 I. ,i 3. 1

!!:Iiit 0.6 0. 005 0.3 0.107 1.4 5, 1
O. 6 O. 005 O. 3 O. 124 1.45 .5.0

i,_ O. 6 O. 005 O. 3 0.08t 1.45 4.6
q

i O. 6 O. 905 O. 3 O. 097 1.45 8. ,3

O. 6 O. 005 O. 3 O. 120 1.63 5.5

O. 6 O. 005 O. 3 O. 068 O. 7 4.0

::_:"i 0.3 0.010 0.3 0.072 0.34- 0.42 3.4

_'j 1.0 0.005 0.3 0.103 1.45 3.2

i. 5 O. 005 O. 3 O. 088 2.1 - 2, b 4 2
'i

=:_; O. 3 O. 005 O. 3 O. 126 0.63 4. 7

_:: 2.3:_ 1.0 0. 005 0.3 0. 163 1.6 - 1.9
L.!

I 1.0 0. 005 0.4 0. 142 0.94 3.9

,_ 1.5 0. 005 0.3 0. 146 3.2 2.2

-' 0.3 O. 005 O. 3 O. 112 O. G5 - O. 85 5.0
:i

,. r)'_ 1.0 0.005 0.3 0.098 1. u,, 1.7;] 5.9

,_ 1.5 0. 005 0.3 0. 098 2.90 7.7 :..........

:!1 o.oo. o.:,
"i 1.0 0.005 0.3 0.133 1.6- 1.9 9.8

" 1.5 0.005 0.3 0.130 3._,'-' - 4.6 10.7
.1

O. 6 O. 005 O. 5 ;. 0_5 O. 96 :]. 7

0.6 O. 005 O. 7 O.093 O. 86 - I.05 4.0

O. 6 O. 005 O. 5 O. 153 l. 0 3.1

O. 6 O. 005 O. 7 O. 1-t2 1.15 3.3

0.6 0.005 0.5 O. lOb 1.2 - 1.25 6.0

O. 6 O. 005 O. 7 O. 101 1.3 - 1.43 5. O

i::] O. 6 0.005 O. 5 O. 12b 1.6 (i" (I)

,,.6 0.005 0.7 0.125 1 6 - 1.75 _ (1)

89

t/ " '--: ....... --"_: .:. -\i-"--:: :- _:-7_ :=; : ".......... _..... 7._ I'L_ ... - "- . ."----.."Z./"
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I'e_,t Shiel_i Stli,_ht Pr,_jecti|c

Nu i; _1)_,,r Mal,o rial Th h_/_ncs_ Vc Loci ty

(in.) (tl_S)

] 72. .o.4-T3 o ()i0 1;.J,4o()

17'3 202 t-T3 o. 010 1_9,2q)()

174 '2.0a i- T3 0. u 1() 19,54)()

L75 SS-3UI 0.010 19 b0(}

17G S_.- 301 0. 032 19, G00

177 Z024- "123 0.0i0 19,600

178 SS-301 0. 032 18,700

179 BeCu O.063 18,800

180 Tungsten 0,032 19,600

• 181 Tungsten 0.002 19,800

1 _2 'Dangsten 0. 006 12,900

: !Sa "I_ngsten 0. 010 ]S,200

].._4 2024- T3 0.050 19:100

185 SS-301 0. 002 19,100

- 186 MgLi O. 050 17,400

•-: lb7 Tantalum 0. 032 20,200

188 SS-301 0. 016 19,200

; 1_9 2024- T3 C,. 62u 18,000

O 'l _'- 19U .0..4-'1.3 0. 005 8, 5()(_ (2)

: 191 2024-T3 .. ... : _i-002.: :" ' ' " "'t:7-i80(}

- 192 2024- T3 0.00a 18,400

193 Tungsten 0. 020 2{_i.OlN) _

• 0.0.)z. 115,6(10194 BeCu - _: ""

1;)5 2024- I. 0. 005 19 O00

, 6 &196 202 t-T3 0. 040 17,000

• .0, '1(10197 lungat,... 0 030

19:_ MgLi 0. 010 9,900 (3)

(() , ,)19. MgLi 0.010 2,.,i00 (3)

;.'0(J MgLi 0. 010 '27,400 (3)

00000002-TSD09



Tabte A-6 (Cont)

' Shiehl Witness- Witness- Shield Diameter Witncs_
L 14

8pac ing Nil(.,.. Sheet I)a mage of Sheets

" Thickness Sp:,cing Dig,tmeter Pc r.forations Penetrtjl.ed

(in,) (in.) (in.) (in.) (in.)

O. (i O. 008 O. 3 O. 107 O. 85 2o 8

O. 6 O. 010 O. :I O. 09 O. 7 '_

O. 6 O. 010 O. 3 6. 153 O. 8 2.3

O. 6 O. 010 O. 3 O. 096 1.1 3.0

: O. 6 O. 010 O. 3 O. 132 O. 96 5.4

i 1.25 O. 0].0 O. 5 O. 092 O. 65 - O. 80 2.0
--_

j O. 6 O. 005 O. 3 t;. 332 1.43 - 1.5 I0.4

0.6 0.005 0 3 C_.143 1.2- 1.35 13.3
i

:_ 0.6 0.005 0 3 0.102 0.8- 0o9 7.8

•:: O. 6 O. 005 0 3 O. 068 1.35 - 1.6 7.1

0.6 0.005 0 3 0.0'18 0.87- 1.12 19.0
,i

_ 0.6 0.005 0 3 0o097 1.09 20+ (1)
'!

!!i 1.25 0.010 0 5 0.'L69 1.3- 1.35 2.0

i O. 6 O. 005 O. 3 O. 065 1.17 4.8
J

O. 6 O. 005 O. 3 O. 168 O. 9 -- 1.15 4, 5
4

_'_ O. 6 O. OOo O. 3 O. 147 1.15 1, 43 ,,*. 6
-!

} 1.25 O. 010 O. 5 O. 103 1.8 - 2.48 3.7
_I

I. 25 O. 010 O. 5 O. 115 1.3 - 1.5 2.0

_i o. 3 o. 005 O.3 O.067 o. 34 43+ (1)
l

={) O. 60 O. 005 O. 3 O. 056 0.45 - O. 80 6.0

--__ Oo 60 O. 005 O. 3 O. 165 1.13 - 1.35 3.8
I
I

--{ O. 80 O. 005 O. 3 O. 110 O. 98 17.3

!/ O.60 0..005 O.3 o. 153 1.1 - 1.43 10.4[ O. 60 O. 005 O. 3 O. 068 O. 5 - O. 75 4.4

O. 60 O. 005 O. 3 O. 142 1.0 - 1.4 3.6
.': i : i

O. 60 O. 0o5 O. 3 O. 087 Oo 35 4.3 (3)

O. (:;0 O. 005 O. 3 O. 104 O. 5O 5.5 (3)

O, 60 O. 0(}5 O, 3 O. 11(; O. 40 5.9 (3)

_:l 91
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:.::......................................_:_:::i-i:;iL-_!'i:iii:ii!_iiii iiiiii:!i_iii!-i_ifiiiii!:L.-:-i_:iii_!!::!i !-:!_!!:

Table A-7: !___:_:_i_-_-_-_dR_-TIO_:TESTS:=-=:I/']2=_N_
: :.:. ,:.i i.i:i! :: [ 7 . ........................ :::: ....... :: .... :::: '

..... Projectiles

Projectile : _:-::::.ii : • Shield No. 1 A_.. =: : Fitt_. ............]tnnge .:i_'i-::.....--

Test Materiai Size Weigh_i:i!i::_EI_i__=:__i_-=Thiek:,,:;/_Z,!t_:_Mnteri nt 'Fhiek. l)en:-;ity
_.:=::'::: ' :::::::::::::::::::::::::::::: - ..:'_::'T-'::-_::'::: .............. _:--- -

.._._.7:_ .::..r_!..7!!_2._L:_i_2!2..2_!._:.;EE_._iE_!!!_!_!_EHiL!_!_ZE_!! ! ..............

201 MgLi 1/32 ,t. lxl_ ::I i7,80() ;5 0. 003 0. d,12 Flexible 0.19 1.78
Polyure -
thane

202 Mg4._-: : t/32..4,::D¢-10 16,400 : 5. 0. 003 0.053 Flexible 0.19!:!:!_.:_ _:

:" ': ....."=::-":": " -- th,'me

2.0:__i_i_i:i-{5_t_t:..... 1/32-4. lx10 "4 18,100 5 0. 003 0. 040 Rigid 0.19 1.50

fomn

204 MgLi 1/32 4.1x10:417,O00 " 5 0.003 ....0.046 •.Rigid ..... 0..19 ..... 1..80
Styra-
foam

205 At 1/16 9.7x10-3 12,400 40 0. 005 0.10 Air 0.60

206 Al !/16 9.7x10-3 17,700 40 0.005 0.I0 Air 0.60

207 AI 1/16 9.7x10-3 17,200 0.20 0.005 0.I0 Air 0.60

:_

•: • .::. 208 AI 1/'16 9.7x10 "3 17,ti00 40 0.005 0.070 Polyur- 0.60 2

-: _:;:.:-::.:-:-.:..-..:....... foam

209 AI l/J6 9.7x10-:" 19,000 0.25 0.005 0.072 Polyur- 0.60 '2
ethane

" foam

:_ -3
210 Al. 1/16 9.7x_.0 !7,300 40 0.005 0.075 Air 0.10

-3
_,!] A1 1/16 9.7x10 18,500 1 0.005 0_076 Air 0.10

-3
kl,) AI l/J(' 9.7x!0 16 000 0.! (I.005 0. o70 Air 0 10_, ) _

.

........... :> 'V:_=:=_{[ '; = -.... :'"...... ; - "'- -...............
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,:_tIEI,DS ALUMINUM)1/16-INCII LiGHT-GAS GUNS (AIA, _r ,

Cylinders L/D - 1

it!ShieldNo. 2 ..... F e_-" ..... .._...................... Sl_i._n_....................

M,,_,-,,-:.,' Thick. _Dtirna_o. Matorta[ Thl_k, Density M,te_'is! Thick. t)nm'tge

_._3_ : fin:,__: _(in ). (lb/ft:;) ...... (!:.) _(it).). ..................

AI 0. 005 0, ].3 x 0. 16

AI 0. 010 0. 026 x 0,072

Al 0.010 0.10x0.16

AI 0.005 0.12 x 0.22

AI 0.005 0.4x0.5 Polyur- 0.80 2 AI 0.010 Buckled
ethane
foam

AI 0.005 0.35x0.4 Polyur- 0.80 2 AI 0.010 Blox_-_]out of jig
ethane
foam

AI 0.005 0.25 Polyur- 0.80 2 AI 0.010 Blown out of jig

_i ethane
f_am

At 0. 005 Blown Air 0.80 A[ 0. 010 Dented

two

AI 0.005 1.5 Air 0.80 AI 0. 010 Dented

A[ 0.005 0.20 Polyure- 0.80 2 Ai 0.010 0.7 _: 0.8

_! thane
i foam

': AI t;,005 0.20x0.9=, ..a Polyure- 0.80 2 AI 0.0:t0 1.,0
_; tb ane
I

' foam i

AI 0,005 0.25 Polyure- 0, 80 2 A1 0.010 0.6 I
thaue 93
!'o;_m
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'[',.:d)le A<g: C()MPOSI-T£ CONFIGURA

°

I'roj,_milo (10) Shmld No. 1 Fillec

'Ic,;t Ma[e_,tl Si_,e Weight Velocity Materiql Thick. Damage Material Thick. Densi, t_

b_unfi____2_2]_'.............. (j_\_)_ __4ra!_!)_ __(fp.___ (in.)__ __. __P._L 1[b,/ft'_i

213 AI 1/-i 0.;38 19,200 2024-T3 0.02,0 0. a3 (1) 12 7. '21

'21.4 A[ 1/'4 0.38 19 S0l) ':.02-t-T3 0.020 0.1395 (I) 5.5 7.15

El,3 AI 1/4 0:,38 19 300 202,[-'F3 1).020 0.320 (l) 3.3 7. 16

'216 AI 1/.t 0.3 3 19 700 2024-T:] 0o 020 0. 320 (1) 1.5 7.13
-'2Z i-.

........ 217 AI 1/".1 0.38 20 4()0 '*u24-T3 0. 020 0,325 Air '2.5

218 ,\1 1//4 0.:38 19 900 2024-T3 0,040 0.410 Air 2.5

219 AI 1/4 0.38 18,700 2024-T3 0.040 0.42 (1) '2.5 6.3

220 AI 1/4 0.38 19,600 2024-T3 0.040 0.405 (1} 2.5 .%3

221 AI 1,/8 0.05 18,200 2024-T3 0.010 Sabot Air 2.::

222 AI 1/8 0.05 20,300 2024-T3 0.010 0.16 Air 2.5

'2'23 AL 1/8 0.05 23,500 2024-T3 0.010 0., 16 Air 2.5

'224 At !/8 0.05 22,700 202J,-T3 0.(;10 S0bot Air 2.5

225 Al i/8 0.05 23 500 2024-T3 0.010 0.13 Air 2.5

';26 AL 1/8 0.05 2t 700 2024-T3 0.0!0 0.30 Air 2.5

.,.__'_ AL 1/8 0.05 '_ ',._,900 2024-T3 0.010 2.25 Air 2 5

228 A[ 1!'8 9.05 25 400 2924-T3 0.010 0.16 Air 2.5

,,2_ AL 1/_; 0.¢5 21,eha 9_1')4-T3 0. 020 0.19_ Air 2 5

2aO AL 1/8 0.05 ' -. 2o,000 2024-T3 0.020 0.24 Air 2..i

231 A[ 1/8 0.05 1.6,900 2024--T3 0.040 Sabot Air 2.5

232 A[ 1/'8 0.05 22,100 Z024-T3 0.040 0,290 Air 2.5

?23 AL l/8 0.05 Z3,400 2024-T3 0.040 Sabot Air 2.5

234 A[ 1/8 0.05 25,100 2024-T3 0. 040 0.30 Air 2.5

235 AI t/8 0.05 18,000 2024-T3 0.050 0.305 ?,tr ?.5

; ?.26 A_. 11"8 0.05 ?4 :.,'c_ 20,,4-T. 0.0._0 0.33 Air 2.5

237 ,"_1 1/8 0.05 27,0b0 2024-T3 0.050 ().3,t Air 2.5

" (I) ()wens-rJorni_g l'W-Ffibetgiass wool. ((;) I!on,:ycomb: 1/.t-in. cell, 0.002-ir_.

(Z) Johns-Manville m_czolitc AA fiberglas:_. (7) O1)en-(:(,II flexible ml 'urc_hunc, r(_an_I 3 -

(3) Johns-Man_ile m_,bo_dcd t3 fiberglass. (8) B,,m3ed aiaminum h(mcy_:omb. 9
(4) Closed-cell rigid polyurelhane roam. (9) [_ondcd sandwich weigb.s 1.64 tb/_t'/
(5) St_£oam I!)01. (10) Aluminum pro lectile-spheres and Le)

(- , .
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: FI()N qE, 1,. I/4-iNCII I.,IGIII-GAS GUN

:! Shield No. o Filler Skin

lvlaterial Thick. Damage Material Thick. l)ens!ty M_terial Thick. Damage

_(in. ) _ ............ it_Qj_. (lb/ft '_) (in.)_

202.?-T:_ 0. 050 None

2_/24- T3 O. 050 None

,.9_'_.,,:'-F'3 0. 1140 Pitting, 1-cal.... deformation

202,4-T3 0.050 2. 5- x 3. 5-in. hole

2024-T3 0.020 1.4 (1) :3.4 4..t 2024--T3 0.040 Pitting, local deformation

2024-'1-3 o.020 1.8 (3) '3..i 4.4 2024-T3 0. 040 Pitting, local deformation

:i;_ 2024-T3 0.0'z') 4x4.5 Air 3.4 "2024-T2 0.040 Melted glass

!!'I 2024-T3 0.020 4,,t.5 Air 3.4 2024-T3 0.040 Meltedg!ass

1 2024-T3 0. 020 Air 3.4 202.4-T3 0.04.0 None.... ., OP.i22024-T3 0 020 0 95 (1) 3.,t 4.4 2024-T3 0.040 "" "

_]: 2024-.T3 0. 020 0.8 (lp 3.4 4.4 2024-T3 0. 040 fitting, melted glass
202,i-T3 9.020 2x2.5 (1) 3.4 4.4 2024-T3 0.040 0.4-in. hole

_! 2024-T3 0.020 "2 (1) 3.4 4.4 2024-T3 0.040 Shallow dent

@ 2024.-T3 0.020 Petaling (1) 1.5 4.4 2024-T3 0.040 Shallow dent

!!!ii1 2024-T3 0. 020 P etaling (t1 !. 5 4. ,4 2024-T3 o,, 040 Melted glass

2024-T3 3. 020 1.15 (1) 1,5 4.4 2024-T:_ 0.040 Melted gla:3_, !ocaldefor-

2024-T3 0. 020 2x2.5 (1) 3.4 ::. 4 2024-T3 0. 040 None mation

_ 2024-T3 0.020 1.5 (1) 3.4 4.4 2024-T3 0.040 None:L.

!-=_::l o , -',
:?:i-_ "024-_I° 0.020 Sabot (1} 3.4 4.4 2024-T3 0.040 None
:4,_

:--i 2024-T3 0. 020 2x" (1) 3. :1 4. 2024-T3 0. 040 None

_I 2024 .re
-.o 0.020 3 (1) 3.4 3. I 2024-T3 0.040 Shallow dent

2024--T3 0.020 0.8 (1) ],, 5 5.0 2024-T3 0.040 None ....

i_:q 2024-T3 0. 020 1.5 (1) 3.4 5.0 :t024-T3 0.040 None

_t '_ '_ 0 " ') , :_. ')n')4-T'_ 0. 040 None
.0..4-T3 _. 0,.0 O. 0.. (1 _ 4 5.0

_l 2024-T3 0. 020 1.6x2.3 (1) 1, 5 5.0 202_-T3 0.0 _0 None

'_iivall thiclmcss.

95
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l

T able

_ Projectile (10) . . b'niel:tl-Ne;, i Filler
, :'-7-':.

Test Material Size Weight V_i_ Mate_ia_ Thic4¢, t3ame_e M_I:ati_k, :D_tisit 1

Numl,er J_O._t _:"393____ k::.::::.i........ .:i_=)_ _:i : i(b,.L. _i2/__,__

/I) i,,38 Lex_m 0.3x0.27 0 32 16,000 202.t-T3 0.020 0.35 Air 2.5

239 A[ 3/16 0. 162 20(1 2024-T3 0. 050 0. 365 Air '2.5

240 Lexan 0.32x0.250.33 73,100 2024-T3 0.020 0.31x0.51 Air 2.5

241 AI 1/4 0.38 28,100 2024-T3 0.020 0.3t Air '2.5

242 Le×an 0.322x 0.31 [7,900 2024-T3 0.020 0,33 Air '2.5
0.25

243 Lexma 0. 177x 0.16 18,600 2024-T3 0.020 0.335 Air '2.5
0.25

244 Lexan 0.322x 0.31 29 900 2024-T3 0.020 0.465 Air '2.5
0.25

245 Lexan 0. 177x 0.22 22,600 2024-T3 0.025 0.3,i5 Air 2.5
0.25

246 Lexan 0.322x 0.31 22,400 2024-T3 0.020 0.43 Air 2.5
0.25

247 Lexan 0.295x 0.27 21,400 202,1-2"3 0.020 0.335 Air 2.5
0,2-5

248 Lexan 0.295x 0.27 22,500 2024-T3 0.020 0.340 Air '2.5
0.25

24£: Lexml 0.295x 0.27 19_000 202,t-T3 0.020 0.435 Air Z.5
0.25

250 Lexan 0.295x 0.27 19,700 2024-T3 0.032 0.390 Air '2.5
0.25

251 l,cxan 0.295x 0.27 22,400 2024-T3 0.040 0.42 Air 2.5
O.25

252 A[ 1/4 0.38 19,900 2024-T3 0.020 0. 335 (2) 2.5 !. 02

253 A[ 1/4 O. 38 ",0,000 2024-T3 0.020 0.34 (3) 2.5 _)._5

254 AI 1/4 0.38 "20,000 202,4 -]3 0, 02:) 0.35 (2) 2.5 4

255 Al ]/'4 0.3q 2,J 100 20_-Fo 0.040 0.44 (3) '_ 5 4 "_

_56 AI 1/'4 _} :_f; "_ :)(}t_ 3_li_,_ {_.{}2{} {) 24 (1} 2 0 4

257 A[ ]/_ ().()5 24,70() 2024-T3 0.020 0.,,_'_' Air 1.7,

25_ ,,\! l/,_ 0 (_5 24 7U0 ,,,._ ,r,, ,_.... , =,_-_,, ().020 0.')') ,5) 1.5 '2.[)

259 AI 1/8 ().(t5 2'2,{}0(} :1(_! 5 5 fi.020 (1.:,:07 (t) 2.5 1.!}8
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_\-8: (Cont) -

Shield No. 2 Filler Skin

Matecial Thick. Damage Mutel'nl Thick. i)ensi, ty Material Thick. Damage
__(in._)_ Onj (lb/_'iS)_ ........

202.1:-3":] 0.0,i0 ]. 4 (1) "I. ,t 4. t 2(124-T., }, 0.04(_ I). I -ip, lt_(::tl _lef_,_ _uuti_,n

202,t-T'_ 0.080 0.4y0.4 (]) 3. ,t 4..t 2024--T3 0. 050 None

2024-T3 0.0,t0 2.5x3 (1) 3.4 ,t. 4 2.094:-T3 0,040 Sn_aii dLmtal.u:s
...... . ... .... :.

202,t-T3 0.02(, 1, 1 (,t) 3.0 2. ¢_ 2024-T3 0. 040 Complete fuilure

?1!:;'4-'F3 0. 040 1. 1 (1) 3.4 4.4 2024-T3 0. 040 Pitti_n_g: [o_cai:de_/ormatit,n :::-z_:

,_.r_̧ yr_.,; 82024-'I73 0.0,t0 0.65 (1) 3.4 2024-'1,i u. u,,:_ ......

2024-T3 0_040 .) o.,,x,, 5 (1) 3 4 2024-'r3 0.040 Pitting, large deformation

2024-_d 0.040 1.3x':? (!} 3.4 2024-T3 0. 040 Pitting, l_u'ge de:iormatioa

Z024-T3 0.040 2 (1) 3.4 2024-T3 0.040 Pitting, large deformation

2024-T3 0.040 lxl. 5 (1) 3.4 2024-T3 0.040 Pitting, large deformation

2024-T3 0.040 lxl.5 (1) 3.4 2025-T3 0. 050 Pitting, large deformation

2024-T3 0.040 2xZ.5 Air 3.4 2024-T3 0.040 Penetrated

2024-T3 0.040 2x2.5 Air 3.4 2024-T3 0.040 0.2-in. hole and craters

2024-T3 0.040 2x4 Air 3.4 2024-.T3 0. 040 Some local cratering

; 2024-T3 0.020 5 Air 2024-T3 0.040 2.2-m. hole

!:' Z02.4-T3 0.020 3x4 Air 3.4 2024-T3 0.040 Penetrated

' 20'_4-T3 0.020 Torn Air 3.4 2024-T3 0.040 Dented

2024-T3 0.020 4.5 Air 3.4 2024-T3 1),020 Oented
: i

7075-T6 0.040 5 (_) 2.0 9 7_75-]6 1).040 i)ented

2024-T3 0.020 1.2 {5) 1,5 2.1) 2024-'I-3 I).,.)25 l)ente(I

2024-T3 b.025 2 (6) 0 62 4. I) 202.4-T3 0.025 Dented

2{}24-T3 0.(,20 Dented Air 1.0 2024.-13 0. I)2(} lOt,nted

97
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!

_ Projectile (10) _ Shield No. 1 Filler

Test Material Size Weight Velocity Material Thick. P.amage Matecial Thick.

]qu_n_:Jer _ _(gram) __(._:_)_._ __ _)__ __.(_n._A__

260 AI 1/,4 0.38 li),800 2024-T3 0. 020 0.34 (7) 1.5

2L_l AI t/4 0.3 _,., 19,800 301 S S 0.020 0. '_o,, (1_, .'_.G_

262 A! 1/4 0.38 20,400 3I)1 S S 0.020 0.37 (1) "_,.0

.,63 Al 1/8 0.05 20,500 "'_'4-2'3 0. 010 0.16 Air 0.75

264 A[ i/4 0.38 21,000 2024-T3 0.020 0.34 Air i.5
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Table A--a: (Coat}

Shield No. 2 Filler Skin

Density .Material. Thick. Damag.,e Mateviat Thick. _" _ ': Dens,_y _.,:::temal "Phlck, Damage
_(.lb/f_3_ __0,_)__ (in,) _(_n_,) (lk,/ft3_ _i__(_.

1 5 202,i-T3 0.0Z: 2°5 (6) 0.62 4.0 _u_-_., 0. 025 4.:,-in. hole

3..5 2024-T3 0.025 3.5 (6) l. 0 4.0 2024-T3 0. 025 4-iu. ho_e

4.2 2024-T3 0.025 :3.5 (6) 2.0 4.0 2024-'i._ 0. 025 1. " ".,-m. bole

(1) ",. 5 4.0 2024 T3 0.025 Dented

(1) 4.0 3.7 2024-T3 0.050 0.75-in. hole

.!

q

i

_]

-_ 93
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!

Test Thick'ross Stress Tcmt e rature C ryogeh Tank

Numl)e r Mate ria.l _ qnx[R_. - (ks i) (" F).___ Tank C,.m/ents Mate ria

: .::::,.:.=.:._fi£.:: :::., 2014-T4i 0. 090 "'.,, 0 70 None 2014-T6
=r~:22 .: :.=_::::-yz.=n=:::.,...:--.__.

266 2014-T6 0. 090 3_. 0 70 None 2014-T6

267 2i,14-T6 0. 090 38.7 70 Yes !iN_i;i2iiiiii2ii_i}iN_221T_
. :;;.;:;;.:•-;;:::.:... : ...x-a.:,; ....................

2i18 2014-T6 0.090 :, 30.9 -120 Yes GN_ 2014-T6

269 2014-T6 0. 090 30.7 -230 Yes GN 2 ?014-T6

2 _)_t 2014-T6 0. 090 37 . _ -1 _2 Yes GN 2 2014-T6
.-'_IZI;VI" .. :.......

• 2 l:_:i:::'-_:: 2014-'T6 0. 090 39.0 -200 Yes GN 2 c,0[4- t 67 ..... i ) :'=7! :....... _ t _

272 ...... V_-/_:i:42:_': 0. 090 45.5 -200 Yes GN 2 2014-T6

" 273 2014-T6 0. 040 51.5 -270 _es LN 2 _075-T6
274 2014-T6 0. 040 40.7 -285 Yes LN 2 7075-T6

275 2C._ 4--T6 0. 040 35.3 -300, Yes LN 2 7075--T6

? 76 2014--T6 0. 040 22.4 -2 90 Yes LN 2 7075-T61

2 ; 7 2219-T62 q. 100 2:5.5 _ 0 None 7075-T6

--.1 " 7 _ "2'219-T62 0.1,20 33.1 "0 None 7075-T6
=' .1

279 2219-T62 0. 100 40.3 70 None 2014-T6

• 2,_0 2219-T62 0.100 9.9 -170 Yes GN 2 2014-T6

O,_'V "

2_1 ,.,, _ 9-T62 (). IO0 24.7 -130 Yes GN 2 2014-T6

q., Z52 221.3-T62 0. 100 .38.3 -140 Yes _N_ 2014-T6

:::.--= 2b3 22 [ 9-TC2 0. 190 49.7 -1_0 Yes GN 2 2014-T6

_i!] 2 _,1 2219-T62 0. _ 00 40.1 . .-_.5.0 Ye_ LN 2 797,9_T6
__ . . .: ........

'2_5 2219-T62 0.100 66.1 -275 Yes LN 2 7075- r_

%, - )
2 _6 __ 19-T 62 o. 100 :' 9.3 -2 90 Yes LN 2 None

_!1 _ _.7 201,t-T6 0. 040 0 -260 Yes LN 2 None•2_x 2:}! 4-T(i O. 090 0 -270 Yt:s LN 2 None

" 2_9 2_!,1-T6 0. 100 (t -2_,0 Yes LN 2 None', 90 ',(_1 ,t -T_; 0 ! 00 (I -2 x0 Yes I_N 2 None

::j 29! 2 ;H ,i -T(; 0. 090 0 -2 87 Yes LN 2 None

,)_ 1 -T_i2 _}. l,')0 (_ -,)00 Yes LN 2 None

i,il '.... 1
_!): 221 J- I r,._ 0. l()(i I} :_(1{,_ Yes [ N 2 N.,me

r'l (i_'nl,l_.l_' I ail_r_, l.'-! !.':t;I,.,I (_)n,. 5i_h, NF N_ Failur,!

..... Ill} l#_,2!_l _ l),.I:t_i_w.l(,,I Mt' Mi, l.,{,,clion !_,jr_wn Ou' .. RV i{:.!.pi,! F_'r_clI!y

- " r:,..:: . .:: : L.... _.- ':, " " _ "'?'_.___I...L.. 2"__._L-.,_: ...... :"_I-- " " " ,i i::" ii: ...... : , -" ---- - ........
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.-9: ,':,TRI':SSI"I)-SPECIMI'N TI:,S'I."' "S --- 1,/,I-INCII I,IGtIT-.G.,kS GUN

StlIE LI) PROJECTILE Ih_PACT 'PEST

Sphere liole Damage C rack
s ,.

Thickness Space Diameter Mass Vei(}eity Diameter Diameler l;en:,_t_

(in,) (in._.}_ Material ____(il_.) _ _ . (fps) _ (in.) ___ _{!,1.__

_. 0i)o ,1.0 AI 1/4 O. 3b 20,000 0.4 3.11 5. ()

0. 090 4.0 A1 1/4 O. :;_ ZO, (100 0 2.9 _.,)

0. 090 4.0 _\1 1/4 0.38 20,400 0 2. ,_ 4.2

0. 090 4.0 A! 1/4 0.3,_ 20,300 O :..5'_ ').. 5

0. 090 4.0 A1 1/4 0.38 20,900 ) 2.7 2.5

0._5.'0:: 4,0 _ _! 1/4 0.38 20,800 0, 1 2.7 4.5
:-'=_:7-- "::.--':':':'7': -':'" '" z "'-'" :'--':::'"': '

O. 090 2.5 AI 1/'4 0.3_ 20,600 2.5 2.1 8.0

0. 090 2.0 AI t/4 0.38 20,600 1.6 1.5 2.6

0.040 5.0 AI i/4 0.38 '20,800 2.0 3.4 8.0

0.040 5.0 AI 1/4 0.38 20,400 2.0 3.5 5.6

0.040 3.0 A1 1/4 0.38 20,600 2.0 2.2 8.0

a.....040 3.0 A1 1,/4 0 38 '>0,600 1.7 -.9 3 4.9

0 090 .t.0 A1 i/4 0.38 20, _00 0 "2. ", 1.7

0 040 5.0 AI 1/4 0.38 20. 300 0.5 '2. '2 "2.6

• ._ I) ') _ ') 0O 090 4.0 A1 1/4 0 3._ _0,(;00 ....

0 090 4.0 AI 1/4 0.3_ 20,300 0 "2.4 0.6

0 r_90 4.0 A1 l//4 0.3,_ 21,000 0 2.5 0

0 090 t.0 :\i 1/4 0.3_ '20,600 0 2.6 0.70

0 090 .t.0 AI 1/4 0.3_ 20,500 0 2.8 0.6

0. 020 4.0 AI 1/4 0.3_ 20, 90O 0.8 1. S 0

0. 020 4.0 A1 1/4 0.38 20,000 0.7 1.9 '2.0

A1 1/4 0.38 20, 70(} _. 0

AI 1/'4 O. 38 21,000 S. 0

Ai 1/S 0.05 18,400 O. 3 None _)

AI 1/8 0.05 25,000 0.4 None 0

A1 3/16 0.16 ,,4,000 q. 0

A1 1/4 0.38 20,000 _. 0

AI 3/i6 0.16 24,600 0.55 None n

AI 1/4 0.3_ 19,500 0,_J None 0

,_(_, " S,,)v; C;l',_wtb

!._
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r _¢.I _ 0 _STAq-IC rE,._T UO I)
Maxinmm G ro,_s Net Critical ,qiow C,rowth

l,'ailure L()ad Stress Stress (;rack Crack Failure

Mocle (kips) _ (l_i) .__(ksi) ____q. _..... (in.) .. Mode

F-1

CF

MF

NF 28.1 39.0 55_ 0 2.9 2.9 RF

NF 22.4 31.1 41.5 2.6 2.6 RF

MF

CF

NF 28.0 38.9 53.3 2.75 2.8 SG

CF

F-1

CF

:IIF=

NF 26.6 33.3 45.0 2. i 2.1 SG

NF 23.3 29.2 66.8 4.5 4.5 SG

NF 23.9 29.9 45.9 2.8 2.8 SG

NF 29.5 36.9 57.9 2,9 2.9 SG

•=.7; :=. ...... :.., "_ .....

NF ' ' 36.6 45.8 49.0 0.7 I-_F

\:=:: .., NF 34.0 42 5 48.5 1.0 1 0 RF

(;: NF 28.8 36.0 64.0 3.5 3.5 SG........................

NF 29.4 36, 8 49. q 2, 0 I_F

: CF
[ ,_.

: NF

•.- NF

• CF

CF

_: NF ,,r..,o. 0 43. _i

NF 32.5 40, 7 101
7
.

"°

",.,
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t_ Table A--10: BIAXLkI,-STRESSED-SPECIMEN TESTS -

a,

8PE CIMEN SHiE LD

' , 'el'- Temper- Thick-

.:_ Test n,,,s s Pressure };tr(_s:s Tallk ature ncss

x: Number j_.)__ .____s ia)__ (k si)_ Contenls (°1,') __(in._._).=. Material

; :i'_?i.==.:..,;......:o, 127 0 0 LN2 - :;2a". , :i_nc:. : :...,
-_i, 2,,)5 o.lo:_ lolo zT.r, (1) -zoo o 090 2o14-"=<;

) 296 0.10 1030 28.0 (1) -200 0. 090 2014-T6
'I

1

•I (1) Supercritical mixture.

!

.:ii. ""

7"=!
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- 1/4-INCH LIGHT-GAS GUN (11-INCH-DIA 2014-T6 SPHERICAL TANK)

PROJECTILE IMPACT TEST

Impact ......
Damage

Sp,_cing Dmmeter Ma_,_ VeLocity Diameter Failure

(in.) Shape (in.).... Mate rial (gram) (fps) (in.) Mode

_,/_a A1 0 16 24,000 0.60 SplitSphe re _,,,_ _,

4 Sph_,.re 1/4 AI 0.37 20,000 2.7 No failure

3 Sphere 1/4 AI O. 37 21,100 2.7 Catastrophic

103

:z
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2:;
5

................ . ....... . . ..

"PRECEDING PA_r BLANK-NOT FILkiEO"
fi '

. Table A-11: :PI_OPEItTIF, S OF PItOJF, CTILF, 4ND SPECIMEN MA._It,,I_,t.LS

Coc ffie icnt

Yieh] Ultimate Melting Sonic Moduhza of Specific of'(h,i_ r'mat

- 1_ • • Density Strength Strength Temperat,_re Veloeity El,)stmJty Heat E×_::m>_ion
Foamed 1,2 _. _

_ Aluminum

f/ 13,,7 :: j.(V'_;

2219-T62 2.77 37 '_ 55 3 _,, _ ,

"" • 3o0 1200 16,650 10.5 0.22 13 ,¢ 10"62024-T3 '2.77 5(: 70 ao_ ,

J ou,;--, 180 16,650 I0,5 0.2'2 i?.9 x i0 -6
201.t-T3 2.77 61.5 69.1 950-1180 !6, (150 10 5

- Be lTllium- 8.24 o_. ,_ " 0.22 :i2. _ x I0 -6

" Copper ,.o-,)o 60-80 1600-1800 13,190 l.q 0.1[) 9.3 x 10 -6Niobimn
• 10.8 35 40

_ 4470 13, _00 15 0.065 3 _2 x 10 -(:Copper 8.95 10 32 1980
Lead 11,600

-i " O.09_ 9. _ x I0 -6
- II 3 1.6 2.2 620 3,620 2 0.031 16.;Ix 10 .6

Magnesium 1.74 32 42 t050-1170 15,700 6 5 ;} _.ta
Magnesium- 1.35 15-24 19-25 • .~.u 16 x 10 -S

_i Lithiam 1070 18,000 6 0.346 ,, -

,.1. _;x 10 -6

TZM 10.2 105 125

Molybdenum 4750 1_, 400 46 0.061 ,,,:,. i X I(} '-'6 .....::
_ Foamed 2.52-

i Nickel 3.6 2630 9.2 x 10 -6
Pyrex 2.2

Sapphire 3.9

301 Stainless 7.84 40 110

Steel ' ' 2570 16,100 28 0.12 9.,t x 10 -6

321 Stainless 7.92 30 i

Steel 90 2570 16,100 28 0.12 9, 5 :,: 10 -6

1095 Steel 7.84 7._- !I0- 2570 It), 750 ........
120 190 29-30 0.1()- 8.2 :: 10"-6

• 0.11

Tantalum 16 6 48 (10 5425 11,000 27 0.0:36 3.6 :._l 0 "6

Titanium 4.73 137.8 142.9 2800-3000 16,400 15-17.5 0. 135 5. _ :_ 1(,-(_

Tungsten 19.3 220 220 6170 14,200 59 0.034 2.5 _ t(}-';

=_ Z_nc 7.14 20-25 790 12,100 0.094 19,3 x LO-!l
-]

: .... ' _ :" _ __ '" " 7.. ,, ,.; ,.,_ ..... .'= '::::.=
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QUA LI']_Y-: :/_%_.URANCE

[ , : . -. .

: The items manulactured unde," '&is prog:ram were tlm' specimens used For l esting

in the Boeing hypervelocity ranges. The critical cimvacteristics oF these test
specimens were material identification and thicl<e.ess; the critical characteristics
of the cellular or fibrous materials were their identification and density. These

were verified, measured, and recorded a_ part of the test data log.

: The thickness of plates and tensile specimens was measured to the nearest
:- five ten-thousands of an inch using calibrated micromete_'_. A vidigage was

used to measure thickness of the spherical specimens to the nearest half-
thousandth of an inch in the impact area.

' Suppliers were required to submit certified t.e.._tiiiTeports ;:::as...... applicable, contah: i.ng
=_ data on material chemistry, physical properties, and density. .Raw materials, •

manufacturing processes, and test specimen_ were inapected for conformance to

engineering design specifications, and ._o_ro_riate records have b_en documented,- • .......... :T:_:--; .....

Test instruments were calibrated at regular intervals using primary standards

m_.ia_.m_.i__nectre.the Boeing Metrotogy Laboratory. These standards ar_ periodically

;_ e_lib_"a_e_-: by the Nationab Bure_t_t o_ Standards. Iastrumentation pertorm.unce
was monitored daily.

__

_ Quality assurance reeorda are iden.tified, documented, and preserved in accessible
Form in acr.'rdance with standard Boeing policy. Test conditions were recorded
for each _:est series on standardized data sheets to ensure that all relevant i_fforma-

a

_,' " tion necessary for evaluation of the test was obtained..

.(

10._

,_.

00000002-TSG03



z

G ' u_

APPENDIN C--FRAGMENT DIAGNOSTICS

i!!i! e_..;:.1:

:-- I:¢ a.

i

00000002-TSG04



::7 "

FI,A(.MEN [ DIAGN()S 1IC,_

(;ommercinl equipment adcqu;_Ic _,; establish the charucteci:dic_'_ of the ,qpray

debris cloud emanating froin a pc2'l:o:'ated _heet i,- nul av;lilablc. Ther(fforc. a
variety of insl.runmn[atio_, was (lelst_ned, built, mid used t() measure ttq-J|pc!ra-

turc, oulse pr,_ssure, and fragment velocity during hyperveloeity impa('t_.tests.
The instrumentation and toe ptugI'_s_ oct.,loved in improving the qu:tlity of the
data is described in this appcn.'_!,.:.:

T-i,m. ,',ST SPECIMEN

Various target configurations were used, most of which consisted of 0. 020- and

0.0i0-inch-thick aluminum plates separated from a solid backplate by various
thicknesses and densities oI fiberglass woo!. A special test fixture, Figure C-l,
was designed to hold the target material and instrumentation in the light-gas--gun
test chamber.

INSTRUMENTATION

Three types of special instrumentation were used in this test series. These

consisted of temperature measurement by a series of thermocouples on a thin
plate behind the fiberglass, measurement of tho shock-wa_ye velocity as it pro-....
gressed through the fiberglass, and dy.n.amic measuzement of pressure caused by
the shock wave in the fiberglass hitting the ..solid backplate. Each of these will
be considered in the following discussion.

Temperature

For the series of temperature measurement tests, several alumir:um plates
(0. 010- and 0. 020-inch thick) were fabricated ,vitb 24 thermocoupies welded in
place. The thermocoupie pattern is shox_z: in Figure C-2. Each of the first six
thermocouple pla_o_i_;_c{uaily two plates in one, the upper half 0. 010-inch
thick and the lc,,.,:,r half 0. 040-inch thick. Some tests were run with the entire
plate e ithe r 0. :'"." -.......) or 0. 040-inch thick.

................................................................ "i"

The photocell and pulse generator were part of the light-gas-gun instrumentation

setup. Th{ir purpose was to estnblish a reference point in time for the particle
r,,osition as it traveled in the vacuum chamber before hitting the target. I'_o',ving.g.

the partie!e velocity,, the time of impact could be calculated and co:.n,)ared with
the time the first data appeared.

The d. c, source and vacuum--tube voltmekct were used to supply a calibrationi.

: vultage to the tape,. Thi:s voltage was equivalent to a calibrated temperature and
• apt?eared in the. data readout°

it'. a

7-
7 :T
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Figure C-l: TESTFIXTUREANDCOMPOSITESP_iCI_4EN
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i1 "-FigureC-2: THERMOCOUPLELOCATIONS
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_l " _..:.::, ,.i:' .. _ _r._ZT--" " _::'_:::_ .... LI

q Data reduction for temperature wa:s obtained by slowing the tape recoJ'der by

-!i a factor of 16:1 _1cl making :,n oscillograph record of tile (lat!:L Temperatures

:i _ver,':, then read by direct measurenmnt </"the osci[logr'lph.

Ve 1.'_' il.y

A 'q_ecial probe was cons*.ructcd to me:mute' tim proposal.ion velocity of the pcnc-

_:i trating disturbmmc in the specin_en. 'l'hi:_ proh_, consisted of four pairs of closely-
::i! spaced wire ringL_ mounted on a conical prolm extending from the backplate of the

;d specimen into the glass wOOlo Fiv.ure C--3 shows a probe and associated thyratron
_, tubes. The outer rings of all pairs were connected together to a source of +60

}-"! vol.t,_ d, c. The inner ring ot each pair was connected to the grid of a thyra£ran
:t (2D2t) tube, which was held at cutoff by a-6-volt bias acting through a
_-_ii a 5-megohm resistor. The voltage across the 50-ohn:, cathode resistor was ,

'\{ i applied _o a tape recorder operating at 60 ips, giving a rise time of approxi-
=_ rnately 1 microsecond.

:_' _: Tl_e-bperatiohToffbis instrumentation was based on the assumption that the shoak
'7> wave disturbance in the glass wool would be suffiotm_Vtolonize some of the
_._.,: surrounding material. This:::in=turmwould-allO_i-_onduction be,twe-.en.the, wireo_ ...............

;=.! rings to overcome the thyratron's 6-volt grid bi_;-i_!_!!!:_!:!!?!::!_: _:_.r:=-:_-:_::.;-_;_:::::._:_:.:_.:.:: :

! ,,

_ Pre s sure

, The in:ttialpressure measurement testsused pressure transducers thatcunsisted
!

:: of a solidsteelpistonmo,mted on the back of tee testfixturethrough a hole into

the testfixtureinterior. _traingages, connected ii:,a four-arm bridge circuit,

o, were cemented to the piston base. Figure C-4 shows the transducer installation "
,

in tim _;est fixture.
i ., •

After the initial test shots, the test fixtt_.re was modified so the transducer base

could not be accelerated backwards before the pressure pulse reached the ,rod .of..

the transducer. The transducer tip protruded through the second 3/4-inch-thick

plate, which was relat':vely free to deflect without affecting the mounting plate.
New transducers were aes_gned and installed as shown in Figures C-5 and C-6.

After a question arose as to the validi'y of the transducer's static force ealibra- .:

lion used for dynamic e:_citation calibration, a trm_sducer was designed so that
a 2-potmd weight could be screwed directly to the end o: the piston. The trans-
ducer was placed on a shaker and vibrated at a resonance such that the weight
experienced 500 g's peak. This isequivalen_to a peak force of I000 pounds, or

tn,.. area of the piston is 0.1 +a dynamic pressure of about 10,000 psi, since " "_

square inch. The resonant frequency of the weight a,:d piston was approximately
4000 cps. Six millivolts (my) peak was obtained from the strain-gage bridge.
The piston was then subjected to 100 t._Tktnds of static 5orce and again 6 mv
(-_5 percent;, were obtained [rom the strain-gage bridge. This meant that a static

.. :.: .: :5:: : :.. ........
. . ,. :..._ : ...

1

: . il • \ ' . ....... - _._7" _ ,; .. ., ' , _ ,

, . : , ........ ' ...... :_-_"*"_is......:/".:__{.t_:'I -- " . ' ,, ' "
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Figure C-4: TESTFIXTURESHOWINGPRESSURETRANSDUCERS
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FigureC-5: MODIFIEDPRESSURETRANSOUCER
STRAINGAGES I',!©TSHOWN
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i FigureC-6: INSTALLATIONOFMODIFIED
!I PRESSURETRANSDUCERS
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e:ilil)ration woul[I hold for dy,lmnic load,_ up to 10,000 psi, at 40()0 cps witi)in the
, rcqoir(_d _ICctlF_Icy o|' tht_ IIl(J__l;4tll'¢21ilt_[lt [;O be ill,q.deo

'S" ' . _' '!!S,_I(:I'E, I I_I,;,_t_I,T'£ ANIJ I)[,4. JN

TOmlJel';Iturt. lJ:lt:,

All tc.i,q)cl'al.tl1.(_ _lata f_:! :_ ._eri.e._: of 1(_ t[_st sllots we)'c t:Jbulated with l)e]'tinent
t(,::;l c()llfigu_':_tioI1 irl['(;l't_ltion and plotted. '['hc t(mqJel'aturc curves we,re +=........:...::
extremely difficult to ploi to at)}, re:semblance of smooth contours. This ap-
peared t,_ in,lic,tte, that hot par'titles were hitting the plates, resulting in hot
spots :ln(I a iloi,unifori)_ l:c<..'nperature pattern. Figure C -7 shows a typical con-
tour for a sucees,.fful shot.

Velocity Data

" Velocity data for a series of four shots are plotted in Figure 28. The sigmifi-

cance of these data hay, been discussed previously (see section entitled "Frag--
ment Velocity").

Pressur.e_Dgtt._ ......

An int_.reating aspect of the first series of tests using the original: transducers

was that the FM-recorded indicated pressure went negative before going positive,
whereas the direct-recorded indicated pressure went positive. The negati-_ ..
pulses lasted about 30 microseconds, _dter which there was some oscillation
(12,000 to 18,000 cps) about the zero point. After approximately 3 milliseconds,

another pulse appeared, also in the negative direction in most of the FM-recorded
channels. This behavior of the negative pulse appearing just after impact m.aQ,

" have been the result of the transducer and the recording system's inability to
resp md to an extremely short-duration pulse (shorter than 10 microseconds),

_!ii! in which case the first shock-pulse.would not be observed. An evaluation shouldbe made to determine the recording characteristic of the pressure data system

when subjected to various pulse widths.

i A series of five tests was performed using the redesigned press,.tre transducers.

The pressure data recorded for this series were very noisy. This was taken to
be indicative of loose strain gages. Subsequent static testiug sbowed the bond
holding the strain gages to the pistons had indeed failed anderimpact. ....No fur-
ther tests using these instruments were performed.

115

•_ .;._
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___ , _ r" /'/ EXAMPLE 1 - DESIGN OF THIRD SHEETOF A

j I - THREE-SHEETBARRIER

I.

___ !. Fir,d number sheets penetrated if there were a series

'i j.._,, ,. of sheetsof thickness t o following the shield. Enter"_ nomogrom at tl/'D = 0216, _:./C= 1.2, S1/D = 10and_---

i ........... _N_, t2/D = 0.08. The result is N = 3.4.

--" i =

i: \\ 2. All but one of these sheetsmust be combined into
_ one sheet of equivalent penetration resistance.
}........ Enter the n_'nogr_'n at the number sheets to be

=%- 2 combined (N = 2.4) and t2/D = 0.08. Move
=:'_. ."_'.l_t3 horizontally to the deslred'N (one) and read

C_II I I °fftherequlredt2/D" "

•_" i _. ,.......................................---_ii'd':>_r" EXAMPLE C,IV N STEP1 STEP2 --_ .................._.....!.
:_ D 0.25

" v/n 1 2 1.2
', 0.16 0.16

;:;" _ _N ....___ ? 0.08 0.36=.: 3.4 2.4
- t

: IPEN_TRATION3 SHEET
.... [ REQ'D 5 3

i _'

' . : . . :.....

- ;il:.:
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// _ .... T=

i'<"V .i-

I,_i--- JJ EXAMPLE 2 - DESIGN OF FIRST SHEETOF A

..... THREE-SHEETBARRIER

...........Ut.____ _ 1. Flndnumbero'sheetsofet.lua, thicl<nesst90, ....

"..........-. , an equivalent penetration resistance barriO=r,i.e.

convert sheet 3 to an equivalent number of sheets

of thickness t 2. Enter nomogram at N = 1 and

t2/D = 0.148. Move horizontally to t2/D = 0.074.

"x; . The result is 1.5 sheets.Re-enter the nomograrn at the totui equivalent

numberof t2/D sheets(N = 2.5), t2/D = 0.074,

$!/D = 18.5_ andV/C= 6. The result i_ tl/D -0.20.

+<_; _v"
.......... ,_,_

• .. ..

I EXAMPLE GIVEN STEP1 STEP2

D 0.27

, V/C , 5 6

.. _ t2/D 0.074 0.148 0.074

• :- t3/'D 0.148

1/D ......" S 18.5 18.5

_ L_ N _ 2.5 .....................
:_ tl/D ? 0.20

_ RESULT N : 1.5 tl= 0.054

.2-_ ,

•:"2 - _2

.4.._

.,_.° ...........................

..2

:" DESIGNOFMULTISHEETMETEOR(lIDBARRIERS
I, . ;-.t"

t
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